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Abstract 
Understanding the relationship between the biodiversity and functioning of an ecosystem 
is a key component of ecological studies. Given the importance of soil as the basis for life 
on earth, understanding this relationship across the multiple trophic levels of the brown 
food web is vital. The thesis begins by trialling methods of soil analysis at the Eden Project, 
determining the relationship between microbial communities, their contribution to 
decomposition and the physical conditions of the soil which they inhabit. The thesis goes 
on to use the bird’s nest fern as a natural microcosm to explore patterns in soil biodiversity 
and functioning. Using a canopy simulation tool at the Eden Project, microbial community 
functioning was characterised using a method tracing the isotopic enrichment of 
microorganisms during decomposition. At Eden, the role of the physical conditions 
experienced by suspended soils in determining microbial community composition was 
demonstrated, before this finding was confirmed with suspended soil samples collected 
from the Nouragues reserve in French Guiana. In order to explore the multi-trophic 
relationship between microbial functioning and invertebrate biodiversity, a largescale 
experiment was performed at Danum Valley in Malaysian Borneo. Bird’s nest fern 
microcosms were prepared to manipulate levels of invertebrate diversity and access to 
isotopically enriched organic matter. Tracing the enrichment of organic matter over time 
demonstrated that increasing invertebrate diversity resulted in increased rates of 
decomposition within the soil body. Subsequent analysis of microbial enrichment 
demonstrated the interacting effect of invertebrate biodiversity on microbial functioning. 
Increases in invertebrate species stimulated microorganisms to decompose organic matter 
and assimilate released carbon into their cell walls at higher rates. By characterising 
microbial community composition, and quantifying their contributions to the 
decomposition under simulated reductions in invertebrate diversity, this thesis supports 
the view that the loss of biodiversity will have negative effects on the functioning of 
ecosystems. 
 “The real voyage of discovery consists not in seeking new lands but seeing with new eyes” 
- Marcel Proust, 1923, La Prisonnière 
“When we lend an attentive ear to the most feeble sounds transmitted by the air, we hear 
a dull vibration, a continual murmur, a hum of insects, that fill, if we may use the 
expression, all the lower strata of the air. Nothing is better fitted to make man feel the 
extent and power of organic life. Myriads of insects creep upon the soil, and flutter round 
the plants parched by the ardour of the Sun. […] There are so many voices proclaiming to 
us, that all nature breathes, and that, under a thousand different forms, life is diffused 
throughout the cracked and dusty soil, as well as in the bosom of the waters, and in the air 
that circulates around us” 
- Alexander Von Humboldt, 1814, Personal Narrative 
“We shall not cease from exploration, 
And the end of all our exploring, 
Will be to arrive where we started, 
And know the place for the first time” 
- T. S. Elliott, 1943, Four Quartets 
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1.1 Biodiversity loss and ecosystem functioning 
Across the globe, ecosystems are experiencing unprecedented rates of extinction as a 
result of human activities (Pimm et al., 2014). Areas of high diversity such as the tropical 
rainforests of South East Asia are increasingly threatened (Hughes, 2017) and are expected 
to suffer continued losses as a result of habitat transformation (Asner et al., 2009). 
Whether measured at the scale of genes, organisms or ecosystems, the extinction of 
species results in a decline in biodiversity (Purvis and Hector, 2000; Mooney, 2002). As 
species are removed from communities, so too is their influence on energy and material 
transfer within that system. Ecosystem functioning, defined as the activities, processes and 
properties of an ecosystem, are controlled by the systems inherent physical and biotic 
components (Schläpfer and Schmid, 1999). Thus, as the biotic component of species are 
removed from that system, their contribution to ecosystem functions, such as primary 
productivity, litter decomposition and nutrient cycling, is lost.  
The relationship between species richness and ecosystem functioning has been a key 
component in ecological studies (Naeem et al., 1994; Tilman, 1996; Grime, 1997; Schläpfer 
and Schmid, 1999; Loreau, Naeem and Inchausti, 2002; Mori, Lertzman, and Gustafsson, 
2017; Barnes et al. 2018). Whilst a decline in biodiversity is accepted as resulting in a knock 
on reduction in functioning (Cardinale et al., 2012), the relationship is not simple or linear 
but is instead inconsistent across studies (Schläpfer and Schmid, 1999; Reiss et al., 2009). 
Instead, the relationship between biodiversity and ecosystem functioning varies across the 
habitat types and ecosystem processes described (Hooper et al., 2005). Such differences in 
the relationship between biodiversity and ecosystem function can occur as a result of 
numerous drivers: a) multiple species carrying out similar roles; b) species complementarity 
enhancing the contributions of others; c) species contributing very little to specific 
processes; d) species contributions varying in space and time or e) abiotic environmental 
conditions proving more important in controlling the function in question.  
Ecosystem functioning can be characterised in different ways, as either measures of single 
functional processes such as decomposition, or by measuring multiple functions 
simultaneously, termed multifunctionality (Hector & Bagchi, 2007; Slade et al., 2016). 
Whilst an increasing number of studies explore the relationship between biodiversity and 
ecosystem functioning using a multifunctional approach, few studies take into account the 
interactions of multiple species fulfilling the function in question (Slade et al., 2017).  
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1.2 Food webs and global system models 
Biodiversity and its associated functioning are structured across multiple trophic levels, 
which interact with one another. Whilst most ecosystems can be characterised as having 
multiple trophic levels, studies of biodiversity and ecosystem functioning are often limited 
to one such level. The response of ecosystem functioning to varying composition and 
diversity of higher trophic levels is much more difficult to interpret than responses seen in 
experiments that vary only the diversity of primary producers. As such, relatively few 
studies have explored how this relationship results in shifts across multiple taxonomic 
levels due to the complexity of teasing out patterns (Loreau, Naeem and Inchausti, 2002; 
Holt and Loreau, 2002; Loreau, 2001).  
Such interactions between the constituent members of an ecological community are best 
envisioned as ‘food webs’; conceptual maps of matter and energy flow (Dezerald et al., 
2013). By observing natural systems, and recording rates of energy flow, it becomes 
possible to assign values to each component of a food web. A food web populated with 
such information is termed a ‘model’, which can then be used to simulate the response of 
the whole ecological community to variations in energy transfer (see Figure 1.1).  
The above ground or ‘green’ food web describes the transfer of energy from the baseline of 
plant derived carbon as a result of photosynthesis, whilst the below ground or ‘brown’ food 
web is based on the release of energy from the decomposition of organic material  (Hunt et 
al., 1987). Whilst green food webs are increasingly well understood, as a result of their long 
term study and relative accessibility, the brown food web has been ignored or classified as 
a ‘black box’ (Dawkins and Ellwood, 2015). More recent concerted efforts aided by 
developing experimental and molecular techniques have begun to reveal the incredibly 
complex nature of below ground communities (Fierer, 2017), and highlight the implications 
of this complexity for soil ecosystem functioning (Orgiazzi et al., 2016). However, although 
ecological theory suggests positive relationships between biodiversity and ecosystem 
functioning (Balvanera et al., 2006), it is not known how this applies to the soil food web, in 
particular across a range of hierarchical levels (De Graaff et al., 2015). 
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Figure 1.1:  The ‘brown’ food web. A) Plants release carbon into the soil either via root exudates or in the 
form of dead tissues and organic matter; B) Carbon is assimilated into the tissues of microorganisms such as 
bacteria and fungi; C) This is achieved through the intermediary of extracellular enzymes which break down 
complex polymers into absorbable monomers which are then further processed by intracellular enzymes and 
assimilated into microbial cellular structures; D) Microorganisms are consumed by detritivores such as 
isopods, springtails and nematodes; E) These in turn are consumed by predators such as ants, mites and 
centipedes; F) Carbon is released from the soil body in the form of CO2 as a result of the respiration of 
microorganisms and larger invertebrates. 
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1.3 Decomposition and the role of soil fauna 
The decomposition of plant derived organic matter is an important outcome of 
biogeochemical processes, and is often measured as a key component in nutrient cycling 
(Vitousek, 1984; Vitousek and Sanford, 1986). Understanding the process of decomposition 
is critical for predicting many aspects of ecosystem dynamics, including nutrient capture 
and circulation (Zheng et al., 2006), limits on primary productivity (Rothstein, Vitousek and 
Simmons, 2004), and determinants of long-term soil fertility (Feller et al., 2003). Three 
processes contribute to organic matter breakdown (Swift, Heal and Anderson, 1979): 
- Leaching; the action of passing water removes and transports soluble materials, 
resulting in weight loss and shifts in chemical composition;  
- Comminution; the physical processes such as feeding activity of micro and meso 
organisms, or environmental soaking and drying, which reduce the size of organic 
material; 
- Catabolism; the chemical processing of organic matter substrates by extracellular 
enzymes into inorganic material. 
The transfer of matter contained within a plant to subsequent generations is thus 
dependent on the organisms which inhabit the ecosystem, in particular those present in 
the soil. The diversity of this detritivore community has been shown to prove more 
important for rates of decomposition than the composition of the organic matter itself in 
soil food webs (Srivastava et al., 2008). Larger members of the soil fauna, insects such as 
ants and beetles, and other invertebrates such as nematodes are responsible for initial 
stages of organic matter fragmentation, mixing and distribution (Wall et al., 2008), whilst 
microorganisms drive the bulk of the release of nutrients from the soil (Swift, Heal and 
Anderson, 1979). However, although the role of micro-organisms in nutrient cycling is 
increasingly well understood as a result of techniques monitoring distribution and activity, 
the trophic relationships amongst soil taxa are largely unknown (De Graaff et al., 2015).  
Recent work has shown the importance of mesofauna such as springtails and acarian mites 
in contributing to decomposition (Crowther, Boddy and Jones, 2012), although studies such 
as these only focus on a sub-component of the soil food web, doing little to expand 
knowledge of interactions across trophic boundaries. As such, brown food webs fail to take 
into account the functional consequences of their community composition, and are thus 
unable to make predictions as to the consequences of species loss on future ecosystem 
functioning.  
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Rates of extinction of soil organisms are projected to increase as a result of human land use 
changes (Veresoglou, Halley and Rillig, 2015). Rather than a random loss of species, 
extinction likelihood increases with body size (Johnson, 2002; Cardillo et al., 2005; Olden, 
Hogan and Zanden, 2007; Gill et al., 2009; Rule et al., 2012; Sallan and Galimberti, 2015). 
This is due to the position of larger organisms at higher trophic levels, and at lower 
densities than other organisms (Brose et al., 2017). Given that body size has also been 
shown to correlate with their functional role in an ecosystem, (Riede et al., 2011; Otto, Rall 
and Brose, 2007; Digel, Riede and Brose, 2011), the vulnerability of certain soil organisms 
translates into a loss of their functional contribution to their ecosystem (Schneider et al., 
2012). In their review on the impacts of soil fauna on biogeochemical models, Grandy et al. 
(2016) call for more lab and field faunal exclusion experiments across a wide range of 
ecosystems to parameterize the effects of fauna on microbial activity.  
1.4 Methods to assess soil microbial functioning 
Given the size of microorganisms and the complexity of their communities, measures of 
their diversity and activity require techniques that differ from more traditional domains of 
ecology such as entomology. To measure the net effects of an environment on the 
decomposition of organic matter, ecologists have long used leaf litter bags (Kampichler and 
Bruckner, 2009). By measuring the weight loss of leaves over time, scientists can gain a 
picture of bulk decomposition rates, however this method is unable to separate out the 
effects of environmental heterogeneity in modifying soil community activity.  
An assessment of soil microbial community activity can instead be gained by performing a 
direct assessment of the enzyme activity of a soil (Sinsabaugh, Moorhead and Linkins, 
1994). By taking a soil sample, and measuring the breakdown of a known substrate, an 
indication of a soil’s microbial activity can be obtained (Sinsabaugh et al., 1999). Whilst a 
complex suite of enzymes is involved in the microbial decomposition arsenal, this approach 
takes a step closer in determining microbial functioning.  
A further step to determine the functional capacity of a soil is to identify the members that 
make up its constituent parts, i.e. the fungal or bacterial suites. Increasingly, genetic 
analysis is used to test the diversity of a soil (Fierer, 2017). Although such an approach 
allows for fine scale determination of soil microbial diversity, interpretation of community 
composition on a temporal scale can prove challenging due to genetic information 
remaining in a soil long after the associated microbe is no longer present or active. This 
pitfall can be avoided by using phospholipid fatty acid (PLFA) analysis (Frostegård and 
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Bååth, 1996). This method involves the extraction of the phospholipids from the cell walls 
of the soil microbial community. Since PLFAs are rapidly hydrolysed when microbial cells 
die, their high turnover makes them good biomarkers of living organisms. In nature, PLFAs 
vary in length from C14-C24 (number of carbon atoms) with C16-C18 the most common 
bacterial chain lengths. Different microbial groups have varying phospholipid structures in 
terms of both their length and saturated bonds. PLFA subfractions can thus be used as 
diagnostic markers for specific groups of organisms. Through analysis using gas 
chromatography (GC) and gas chromatography-mass spectrometry (GC-MS), the biomass 
and relative abundance of these PLFAs in a soil sample can be determined, providing an 
index of soil microbial community composition (Zelles et al., 1994). When coupled with 
manipulative experiments, such a technique can prove powerful in determining the 
influence of the conditions under which the soil microbial community persists.  
Once the constituent parts of a soil food web have been identified, the functioning of that 
community can be mapped out by tracing the movements of labelled isotopes. An isotope 
of an element has the same atomic number as the element but a different number of 
neutrons. This gives it a different atomic weight which allows for it to be detected relative 
to natural abundances. Approximately 1% of all carbon atoms are 13C, the rest 12C (Hood‐
Nowotny and Knols, 2007). By adding a substrate highly enriched in the rare 13C isotope to 
an environmental sample, rates of microbial metabolism can be determined through 
analysis of the rare isotope in the cell biomass of sampled microorganisms. The presence of 
the enriched isotope can be detected in PLFA analysis making this combination of 
techniques highly valuable in determining microbial functioning. By exposing certain 
elements of the system to these isotopes, and tracing their movement through the system, 
it is possible to determine the consequences of a shift in microbial community composition 
on the cycling of nutrients through the system (Rubino et al., 2010; Evershed et al., 2006). 
Stable isotopes pose no environmental threat and do not change the chemistry or biology 
of the target organism or system. These therefore represent ideal tracers for field and 
ecophysiological studies, thereby avoiding reductionist experimentation and encouraging 
more holistic approaches. Although such techniques are employed to untangle the black 
box of brown food webs, measures of their influence are hampered by the complexity of 
natural systems, whose spatio-temporal variation can often swamp any potential observed 
trends. This is particularly the case when working in ecosystems such as rainforests. 
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1.5 The complex nature of tropical rainforests 
Tropical forest ecosystems are known to host at least two-thirds of the Earth’s terrestrial 
biodiversity, and in doing so provide significant ecosystem services at local, regional and 
global scales (Gardner et al., 2009; Myers et al., 2000; Achard et al., 2002). Because these 
forests often occur on highly weathered nutrient poor soils (Vitousek et al., 2010), they are 
dependent on internal cycling of existing nutrients, supported by high rates of organic 
matter decomposition (Parton et al., 2007). The cycling of organic matter in rainforest 
habitats is important at a global scale, given that 30% of global carbon is stored here, with 
large amounts of carbon dioxide released through the decomposition of leaf litter (Sayer et 
al., 2011). Due to the high levels of diversity in these systems, and the complexity of 
species interactions from below the ground to the top of trees, scientists have struggled to 
understand how these ecosystems are structured and what the consequences are for 
ecosystem functioning (Gentry, 1992). 
1.6 Macro-, meso- and microcosm studies 
Given the complex networks that define natural systems, it is often hard to examine the 
impacts and feedbacks that result from the extinction of organisms on an ecosystem or 
‘macrocosm’ scale. Soil ecologists in particular are often faced with the challenge of 
determining at what scale ecological feedbacks should be measured, due to the complex 
matrix which constitutes the soil body (Kampichler, Bruckner and Kandeler, 2001).  Whilst 
macrocosm scale experiments are useful when studying larger organisms such as trees, 
mammals and in certain cases invertebrates (Fayle et al., 2015b), at this scale it difficult to 
parameterise environmental variation or capture the subtle nature of interactions between 
invertebrates and microorganisms within the soil body of an ecosystem.  
 
By isolating portions of ecosystems, soil ecologists have been able to study their focal taxa 
in question, and remove the heterogeneity associated with the larger ecosystem.  
Simulated natural systems have proved fruitful in revealing soil functioning in addition to 
capturing natural variability outside of greenhouse simulations, such as in long term 
research plots (Jenkinson and Rayner, 1977), or in experimental ‘mesocoms’ (Lähteenmäki 
et al., 2015). These highly managed yet ultimately continuous parts of a larger natural 
system have provided a wealth of knowledge to better understand ecological functioning 
(Dıaz et al., 2003; Smith and Knapp, 2003). Mesocosms thus offer a balance between 
complex macrocosm systems, and smaller scale ‘microcosms’ (Figure 1.2). 
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Figure 1.2: Micro-, Meso-, and Macro-cosm scales to understand natural systems. a) Each of these has a 
different level of explanatory power as an idealised model system (IMS; Bonnett et al., 2016, modified with 
copyright holder’s permission); b) For the analysis of defined sample units of soil, the scaling of these systems 
also matches their application from both the laboratory (left) and the field (right; Kamplicher et al., 2001); c) 
In this thesis, the terms are applied to describe experiments using bird’s nest ferns as natural microcosms, 
the Eden Project Rainforest Biome as a mesocosm, and the larger rainforests of Danum Valley in Borneo and 
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‘Microcosms’ were first proposed by Abbott (1966), enabling an in vitro analysis of soil. 
Small chambers enclosing soil of a known composition are used for experiments under 
controlled laboratory conditions. These continue to be regularly used by soil ecologists, and 
have proved important in revealing trends in energy cycling and direct interactions 
between soil organisms (Cragg and Bardgett, 2001). Although such studies have been 
useful in revealing baseline trends in soil ecology, they have been criticised as being overly 
simplistic and unrepresentative of natural systems (Huston, 1997; Loreau, Naeem and 
Inchausti, 2002; Slade et al., 2007). 
 
An alternative is the use of ‘natural microcosms’ as natural laboratories (Srivastava et al., 
2004). These are small units of a larger ecosystem, with discrete boundaries making them 
easy to manipulate and sample extensively. Bird’s nest ferns are shaped by evolutionary 
forces rather than artificial creation. Other examples of natural microcosms include 
Nepenthes pitcher plants (Kitching, 2000), and tank forming bromeliads, recently used to 
reveal greater trends in community ecology and the impacts of long term climate change. 
(Dézerald et al., 2013; Trzcinski et al., 2016; Amundrud and Srivastava, 2016). Natural 
microcosms have proved useful not only in understanding the functioning of these unique 
ecosystems, but also in predicting the responses of larger ecosystems to perturbation 
(Figure 1.2). 
1.6 Bird’s nest ferns as natural microcosms 
The epiphytic bird’s nest fern (Asplenium nidus; Yatabe et al., 2009) has carved a unique 
niche in the canopies of tropical rainforest trees by creating its own soil to provide the 
plant with nutrients and moisture (Benzing, 2008; Turner et al., 2007). Ranging from tiny 
gametophytes (<2mm) to adult sporophytes reaching up to as much as a quarter of a tonne 
in weight, these ferns accumulate biomass by acting as ‘aerial compost heaps’. Their leaves 
capture leaf litter and other detritus which is assimilated into the fern root ball, an 
assemblage of organic matter which is colonised by a diverse invertebrate community 
(Ellwood, Jones and Foster, 2002; Ellwood and Foster, 2004). The resulting ‘suspended soil’ 
is likely to provide the fern with nutrients (Nadkarni and Matelson, 1992), whilst creating a 
habitat which hosts an ecological community composed primarily of terrestrial soil fauna 
(Paoletti et al., 1991; Kitching et al., 1997). The fern is abundant, widely distributed, easy to 
manipulate, and can be sampled exhaustively (Ellwood, Manica and Foster, 2009). Given 
that the bird’s nest fern microcosm is discrete, and formed under specific environmental 
Chapter 1 Introduction 
 
22 |  
 
conditions, it proves the ideal model system (IMS) within which to explore the relationship 
between species diversity and carbon cycling across multiple scales (Figure 1.2). 
1.7 Thesis outline 
This thesis sets out to explore the interactions between the microbial and invertebrate 
constituents of soil ecosystems, and ultimately the relationship between biodiversity and 
ecosystem function across multiple taxonomic levels. Chapter 2 introduces methods 
exploring soil physicochemical conditions and microbial composition, whilst examining the 
role of the invertebrate community within the Eden Project Rainforest Biome. Chapter 3 
presents a novel tool developed to explore epiphyte soil dynamics, in particular 
demonstrating the functional capacity of a suspended soil. Chapter 4 examines how soil 
microbial communities are structured as a result of biotic and abiotic factors, before 
exploring the composition of the microbial community associated with bird’s nest ferns in 
the primary rainforest of Danum Valley, in Malaysian Borneo. Chapter 5 explores the role 
of other sources of canopy soil in providing a habitat for microorganisms, collected from 
the canopy of the Nouragues Reserve in French Guiana. Chapter 6 describes the process of 
decomposition within the bird’s nest fern microcosm, and how the cycling of carbon is 
mediated and modified by the invertebrate community. Chapter 7 explores how the 
microbial community associated with a fern soil is influenced by its invertebrate 
community, and how rates of carbon cycling depend on both elements of this system. In 
Chapter 8, the implications of these findings for better understanding soil food webs are 
addressed.  In doing so, the thesis sets out to answer the following questions: (1) Do 
restored soils facilitate nutrient cycling and microbial functioning? (2) Do suspended soils 
support a functioning microbial community? (3) Which factors shape epiphyte associated 
suspended soil microbial communities? (4) Does invertebrate diversity modify the 
composition, functioning and distribution of microorganisms associated with a suspended 
soil? (5) What are the effects of any observed changes for carbon cycling? 
Summary 
- Ecosystems are experiencing extinctions and a potential loss of functional capacity. 
- Decomposition is facilitated by invertebrates and micro-organisms but their 
interactions are not well understood. 
- Numerous methods are employed to record soil ecosystem functioning, but soils 
remain a complex environment for ecological studies.  
- Experimental microcosms can be used to help reveal ecosystem dynamics. 
- Bird’s nest ferns are an ideal experimental microcosm. 
  
Chapter 2 – Trialling soil methods under rainforest conditions





As a result of human modifications to habitats, soils are facing progressive deterioration, 
despite their upmost importance for life on earth. The intensification of agricultural 
practices has resulted in the erosion and loss of topsoil, the compaction of the soil body 
and the leaching of nutrients, resulting in soils, which are dry, hard, and infertile (Dawkins 
and Ellwood, 2015; Orgiazzi et al., 2016). For soils to support an ecosystem, they must 
demonstrate physicochemical and biotic functioning (Bradshaw, 1997; Wali, 1999). This 
encompasses the creation of a basis for biomass production, the facilitation of the filtering, 
buffering and transformation of existing material, and the provision of a biological habitat 
and of genetic potential for future generations (Séré et al., 2008).  
Until recently, much of soil science has focused on agricultural soils with a view to 
increasing yields (Dawkins and Ellwood, 2015). However, techniques to explore the 
structure, composition and ecology of soils now provide scientists with a greater 
understanding of soil management. Soils form over thousands of years through the 
degradation of mineral rock and organic plant matter, the resulting matrix of which 
contains a readily available source of nutrients and moisture. The composition of this 
material is dictated by varying biotic and abiotic factors, and the scale of variation within 
the medium means that scale is an important factor to consider when studying soil (Blume 
et al., 2015).  
Soil composition varies across the globe, with tropical forest soils characterized by leached 
soils of low nutrient value, relying on the high rates of primary production and 
decomposition of organic matter (Parton et al., 2007). Tropical rainforest cover has 
declined sharply as a result of timber extraction and conversion to agriculture (Asner et al., 
2009). Forest degradation causes a reduction in soil invertebrate diversity and a shift in 
associated microbial communities (Ewers et al., 2015; McGuire et al., 2015). Given the 
importance of invertebrates and microorganisms for soil functioning, this is likely to have 
consequences for nutrient cycling and plant viability (Murty et al., 2002; Hartmann et al., 
2014; Nannipieri et al., 2003; Orgiazzi et al., 2016).  
Microorganisms have often been an important focal group in studies of biodiversity and 
ecosystem functioning (Bell et al., 2005), due to their role as key drivers of many ecological 
processes in soils, notably contributing to the cycling of nutrients (Wardle and Giller, 1996; 
Ohtonen, Aikio and Väre, 1997; Øvreås, 2000; Wall, 2005). Soil microbes play an important 




role in the global carbon cycle (Zhao and Running, 2010), in particular those from tropical 
rainforests (Balser et al., 2010). The flux of carbon from plant litter to the soil is particularly 
important in tropical forests (Cleveland and Townsend, 2006). Large amounts of carbon are 
stored within the organic matter of soil (four times greater than that of the atmosphere 
and living plants (Jobbágy and Jackson, 2000)), and their release is mediated by enzymes 
produced by soil microbial communities. 
In order to access the substrates required for further growth, microbes will produce 
extracellular enzymes, which convert polymeric compounds into smaller absorbable 
molecules, thus promoting dissolved organic carbon (C) production, and nitrogen (N) and 
phosphorus (P) mineralization. Soil enzymes can be divided into two broad groups: (1) 
hydrolytic enzymes responsible for the acquisition of C, N, and P to support primary 
metabolism; and (2) oxidative enzymes, produced primarily by fungi, which degrade poor-
quality, chemically complex compounds like lignin in co-metabolic acquisition of nutrients 
(Sinsabaugh, Moorhead and Linkins, 1994). 
Hydrolase activities have received more attention in part because they were considered 
more important for the release of plant nutrients from organic matter, but also because 
associated methods are better developed (Nannipieri et al., 2012). The enzymes involved in 
the degradation of lignin and humus, phenol oxidases, use oxidative reactions which are 
less substrate specific than hydrolases (Sinsabaugh et al., 1999), but can be involved in the 
synthesis of secondary compounds, decomposition, defence and humification (Sinsabaugh 
and Follstad Shah, 2011). 
Restoration projects which aim to convert land previously used for agriculture, or cleared 
for timber extraction often succeed in replacing tree cover, but the legacy of disturbance 
within the soil is detectable for decades after trees return. Since micro-organisms and 
invertebrates are responsible for soil processes, restoration projects will therefore benefit 
from increases in our understanding of these neglected elements of ecosystem recovery. 
Microbial diversity and activity in particular have recently been proposed as the most 
sensitive biological indicators of differences in soil functionality (Muñoz‐Rojas et al., 2016).   
One way to understand the effects of disturbance on these indicators is to perform 
microcosm experiments. However, to capture the reality of a dynamic ecosystem such as a 
rainforest, studies need to be performed on a larger scale. Using mesocosms (Bonnett et 
al., 2017) such as botanic gardens for restoration studies (Aronson, 2014), or for simulating 
rainforest ecology, can prove useful for exploring trends in soil community dynamics. The 




Eden Project in Cornwall, UK, is a botanic garden housed in a restored china clay mine, 
which uses standardized artificial soils (termed technosols by Séré et al., 2008) as the 
foundation for its plant collection. The Rainforest Biome, an enclosed hothouse, contains 
over 1400 species of tropical plants, in addition to a large range of native and alien 
invertebrate species that have colonized the site over the 15 years since its construction. 
Whilst the crop pest species are well documented (see Treseder et al., 2011), only 
anecdotal evidence exists regarding the soil fauna likely to be involved in below-ground 
food webs.  
Determining the relative contributions of microorganisms (<0.1 mm), and soil mesofauna 
(0.1 to 2 mm) can confirm how different components of the soil biota are contributing to 
the process of decomposition during forest restoration. To this end, this chapter asks the 
following questions: 1) Do invertebrates of different sizes play different roles in 
decomposition? 2) How does the composition of microbial communities change under 
varying soil types? 3) How does the activity of these microbial communities change under 
different management regimes?   





2.1 Site details 
The Eden Project is a unique botanic garden, opened in 2001, situated on a 105 ha site 
within a decommissioned china clay quarry near St Austell, Cornwall, UK (50.3601°N, 
4.7447°W). The Eden Project consists of an outdoor garden, and two large enclosed biomes 
(Figure 2.1). Eden’s Rainforest Biome, one of the largest greenhouses in the world, stands 
50 m tall and covers an area of 15,590 m². Over 1400 plant species are housed within an 
effectively sealed environment, under the following controlled climatic conditions (mean ± 
SD): air temperature (21.07 ± 2.8 °C) soil (20.04 ± 0.8 °C), humidity (97.4 ± 3.6 %).  
Soil within the biomes was developed in partnership with the University of Reading, using 
sand recycled from the local china clay industry, composted bark, green waste from the 
surrounding area, and lignitic clay as a by-product of Devon’s ball clay industry. This 
mixture provides the optimum amounts of trace nutrients, cation exchange capacity, and 
was able to bind the soil mixtures together (Table 2-1). The soils have since been managed 
with the addition of a compost mulch mix, composed of green waste collected onsite. 
Applications of mulch have varied across the biome, with a resulting range in soil organic 
matter content. Soil invertebrate diversity is much lower than that of a tropical rainforest, 
nevertheless the site does have an abundant community of mesofauna (0.1-2 mm) and 
macrofauna (>2 mm), most notably white-footed ants (Technomyrmex albipes), Australian 
cockroaches (Periplaneta australasiae) and Suriname cockroaches (Pycnoscelus 
surinamensis) (Treseder et al., 2011).  
Physiochemical and biological parameters were measured at 12 points across the rainforest 
biome, selected in order to capture the largest variation in horticultural management 
regimes and soil conditions across the site (Figure 2.2).  
Table 2-1- Artificial soil mix in the Rainforest Biome. 
 
 
 Sand Organic Component Lignitic Clay 
Subsoil 65% 25% 10% 
Topsoil 25% 65% 10% 





Figure 2.1: The Eden Project in Cornwall; a) During construction before addition of the soil, b) the whole site 
with the Rainforest Biome to the left; c) the Malaysian Kampong garden in the Rainforest Biome; d) the roof 
of the biome, sealing the site and facilitating the controlled levels of temperature and humidity. 
 
  



































































































































2.2 Leaf litter decomposition 
Leaves were cut from the nitrogen-fixing mimosoid legume Samanea saman, a tree chosen 
due to its presence within the biome, a relatively fast rate of decomposition, and its high 
nutrient value (Schilling et al., 2016). Individual leaflets were stripped from their petioles 
and dried for 48 hours in an oven at 50°C (Figure 2.3). Leaf litter bags measuring 20 x 15 cm 
were prepared using a nylon mesh and a glue gun. Two mesh sizes of 2 x 2 mm (large) and 
0.8 x 0.8 mm (small) were used to include or exclude mesofauna. Each bag was filled with 3 
g of dried leaves, before being stapled shut. At each of the 12 sites, three bags of each 
mesh size were placed on the ground and covered with a mulch layer to simulate the leaf 
litter layer of a forest soil. Six bags per site across 12 sites gave 72 bags in total. The bags 
were arranged around a central stake to facilitate orientation; alternating from large to 
small avoided microclimate effects. At three intervals (3, 5, 7 months), one bag of each 
mesh type per site was retrieved, placed into a paper bag and dried at 50 °C for 48 hours. 
Once dry, great care was taken to separate invasive roots and soil from the leaf litter 
before reweighing it. 
2.3 Soil collection 
At each site, four replicate samples of soil were collected from the corners of a 1 m 
quadrat. Any ground litter was removed, and using a trowel, approximately 50 cm3 of soil 
was taken from between 0-5 cm depth and transferred into 20 x 28 cm zip lock polythene 
bags. These were then placed in a cool box before being transferred to the laboratory, 
where they were stored at 4 °C, and opened regularly to allow the soils to respire. Prior to 
analysis, the soil was homogenized by being passed through a 5mm mesh. A sub sample of 
approximately 10 cm3 was taken from the same sites, and stored in glass vials at -20 °C. 
2.4 Soil organic matter and pH 
Loss on ignition was used as a proxy for soil moisture and organic matter content (Heiri, 
Lotter and Lemcke, 2001). 5 g of soil from each sample was placed into a crucible and 
transferred into an oven at 105 °C for 24 hours, weighed, and then placed into a furnace at 
450 °C for a further 12 hours before being reweighed. pH was tested on a 50 ml solution of 
10 cm3 soil dissolved into deionized water using a benchtop Jenway 3510 pH meter and 
electrode. 






Figure 2.3: Litter bag preparation; a) Collection of  leaves; b) Removal and oven drying of leaflets; c) Weighing 
and sealing of litter into bags; d) Burying of bags 5cm below the ground. 




2.5 Glucosidase enzyme activity 
100 μM Methylumbelliferyl-ß-D-glucopyranoside (MUF) substrate solutions were prepared 
for the enzyme glucosidase, along with a MUF standard (DeForest, 2009). Preliminary data 
demonstrated that a concentration of 100 µm saturated the enzyme reaction allowing for 
an estimate of Vmax, the maximum enzyme capacity of the soil. 100 µm of each soil 
solution (1:5 wet soil to deionised water) was pipetted out onto a 96 well plate, with three 
wells for each soil sample (Figure 2.4). One contained a soil blank with deionised water 
(250µl), one with the MUF substrate (150 µl), and one with the MUF standard (150 µl) in 
addition to wells containing a blank of deionised water, and reference wells for the MUF 
substrate and MUF standard. The reaction was left active for one hour before 50 µl of 1M 
sodium hydroxide was added to terminate the reaction. The plate was then transferred to a 
BMG Labtech Fluostar Optima Fluorometer plate reader to record levels of fluorescence. 
An average of three sub-samples was calculated for each sample. A single extreme outlier, 
likely caused by an error in fluorescence detection, was removed. The data were then 
converted to give glucosidase activity (µmol MUF g-1 hour-1) as outlined by DeForest (2009). 
2.6 Phenol oxidase enzyme activity 
0.75 ml of soil solution (1:5 wet soil to deionised water) was pipetted into two Eppendorfs for 
each soil sample. 0.75 ml of deionised water was added to one, whilst 0.75 ml of a 10 mM 
solution of L-3,4-dihydroxyphenylalanine (L-DOPA) was added to the other. These were 
incubated at room temperature for one hour before being centrifuged at 10000 rpm for five 
minutes. 300 μl of the resulting supernatant was pipetted onto a clear microplate and 
transferred to a BMG Labtech Fluostar Optima Fluorometer plate reader to measure the 
absorbance at 460nm. Phenol oxidase activity per sample was calculated by comparing the L-
DOPA solution with that of the water blank. An average of three sub-samples was calculated 
for each sample. The data were then converted to give phenol oxidase activity (µmol dicq g-1 










Figure 2.4: Arrangement of the hydrolase enzyme assay on a 96 well plate. Light red: deionised water; 
medium red: MUF-substrate reference; dark red: MUF-standard reference; light blue: soil + deionised water; 
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2.7 Phospholipid Fatty Acid analysis 
In order to examine the microbial composition of a soil community, lipid analysis provides 
information on the taxonomic composition of the microbiota. Lipids are essential 
components of every cell, representing less than 5% of the dry mass (Kennedy and 
Papendick, 1995), but their distinct structure and form enable the characterisation of 
specific genera and species, thus providing an estimate of in situ community structure. 
Methods employed here characterise the composition of microbial biomass by identifying 
extracted cellular phospholipid ester-linked fatty acids (PLFAs; Zelles et al., 1992).  
Although described as “coarse-scale” by Balser and Firestone (2005), PLFAs can be used to 
assess changes in a soil over time, or following a treatment. PFLA analysis provides an 
unbiased proxy for the structure of the living soil microbial community since PLFAs are only 
found in living organisms and have a rapid turnover rate in soil (Zelles, 1999; Frostegård, 
Tunlid and Bååth, 2011). In this regard, the method is of greater use than a more costly and 
time-consuming genetic analysis, which would also pick up information on the genetic 
material of the dead microbial community preserved in the soil.  
Due to their relative complexity, PLFA extractions for batches of 11 samples occurred over 
three days, in addition to a blank to verify for any contamination (Figure ). Soils that had 
been frozen upon collection were then freeze-dried and ground into a fine powder. 500 mg 
of this powder was added to 2.8 ml of a 2:0.8 ratio of methanol:water solution in a 7 ml 
Precellys homogenization tube, and homogenized at 1000 rpm (2 x 10 s; Figure 2.5a). 
Samples were transferred to pyrex centrifuge tubes with 1.35 ml of chloroform, vortexed 
(30 seconds), and sonicated (15 minutes), before centrifugation (3000 rpm for 5 minutes; 
Figure 2.5b).  The supernatant solution was transferred into a 30 ml glass vial (Figure 2.5c), 
and the soil sample re-extracted with Bligh-Dyer solution (2 x 3 ml). The organic and 
aqueous phases were separated by the addition of water (1 ml) and chloroform (1 ml), and 
centrifuged at 3000 rpm for 3 minutes (Figure 2.5d). The organic (bottom) layer was 
removed and the aqueous layer re-extracted with chloroform (3 x 2 ml; Figure 2.5e). The 
sample was blown down under nitrogen and the total lipid extract (TLE) was then stored at 
-20°C.  
The TLE was further separated using column chromatography following the method 
described by Dickson et al. (2009). The sample was washed through with 5 ml of a 99:1 
chloroform: acetic acid solution to separate out neutral fractions (Figure 2.5f), 20 ml of 




acetone to separate out the glycolipids (Figure 2.5g), and the remaining phospholipids were 
washed out using 6 ml of methanol (Figure 2.5h). 
An acid catalyzed derivatization method was used to prepare the phospholipid fraction for 
analysis. Here, a solution of hydrogen chloride in methanol (5% w/v) was created by 
dripping 2.5 ml of acetyl chloride slowly into 26 ml of anhydrous methanol, chilled in an ice 
bath to control the exothermic reaction (Figure 2.5i). 1.9 ml of this solution was added to 
each lipid sample, along with 10 µl of a known C18 alkane standard. The sample was heated 
at 60 °C for two hours in a sealed tube. Once cool, 1 ml of water was added and the fatty 
acid methyl esters (FAMEs) were extracted into hexane (3 x 1 ml; Figure 2.5j). Water was 
removed using a column of sodium sulphate, and the resulting solvent was evaporated at 
40°C under nitrogen (Figure 2.5k). FAMEs were re-dissolved in 30 µl of hexane (Figure 2.5l). 
1 µl of the resulting solution was analyzed using gas chromatography. This was performed 
using a Hewlett-Packard Series 5890 Series II gas chromatograph (Agilent Technologies UK 
Ltd., Edinburgh, UK) equipped with a flame ionization detector using helium carrier gas 
(pressure of 10 psi). The lipid concentrations were analyzed using a Varian VF23ms (Varian 
BV, Middelburg, The Netherlands) 50% cyanopropyl equivalent fused-silica column (30 m x 
0.25 mm x 0.25 µm). The temperature program for fatty acid derivatives was 40°C (2 min) 
to 100°C at 15°C min-1, to 240°C at 4°C min–1 (held for 20 min). Detailed chromatograms 
were produced for each sample and the total microbial biomass per sample was calculated 
relative to the standard when analysed using gas chromatography (GC) and gas 
chromatography-mass spectrometry (GC-MS).  
PLFAs vary in length from C14-C24 (number of carbon atoms) with C16-C18 the most common 
bacterial chain lengths. Different microbial groups have varying phospholipid structures in 
terms of both their length and saturated bonds. These differences in length or shape result 
in differing elution times, with PLFAs detected at set intervals when plotted as 
chromatograms (Figure 2.6). Comparing the position of these peaks with the position of the 
known standard allows for determination of the biomass and relative abundance of PLFAs, 
enabling subsequent calculation of relative abundance of different microorganisms (Zelles 
et al., 1994), and thus metrics such as fungal: bacterial ratio (Frostegård and Bååth, 1996). 
2.8 Statistical analysis 
Two-way ANCOVA was used to control for the effects of soil pH while comparing the 
treatment effects of mesh size and time on leaf litter weight loss. Linear mixed-effects 
modelling assessed the fixed effects of soil organic matter content on glucosidase and of 
pH on phenol oxidase; both modelled with random intercepts for the sample sites. Visual 




inspection of residual plots did not reveal any obvious deviations from homoscedasticity or 
normality. Models that differed in the random effects specification were compared by 
likelihood ratio tests. The significance of terms in the fixed-effects specification was 
assessed by standard linear regression conditional F-tests. Averages of soil moisture, 
organic matter content, pH, glucosidase and phenol oxidase activity were calculated for 
each site. Pearson’s correlations of these with soil microbial biomass and fungal: bacterial 
ratios were assessed for significance. All analyses were carried out in the R programming 
language and environment (R Core Team, 2013) with the nlme software package (Pinheiro 
et al., 2009) being used for the linear mixed-effects modelling. 




























































































































































































































































































































































































3.1 Leaf litter decomposition 
The amount of leaf litter lost from the litterbags was significantly greater in the large mesh 
treatment at the 5-month interval (Figure 2.7). Soil pH had a significant effect on leaf litter 
decomposition (F1,65 = 27.29, p <0.001). Having partitioned this effect ANCOVA revealed 
that, at the sample mean pH of 7.34, both exclusion (F1,65 = 4.71, p = 0.034) and time (F2,65 = 
37.06, p <0.001) had significant main effects on litter weight loss. There was no significant 
interaction between time and exclusion treatment (F2,65 = 0.77, p = 0.466).  
3.2 Glucosidase activity 
As soil organic matter increased, so too did glucosidase activity (F1,33 = 5.18, p = 0.030;  Fig 
2.8). The relationship between soil glucosidase activity and soil organic matter (% loss on 
ignition) showed significant variation in intercepts across sites (SD = 95.59, χ2= 19.34, p < 
0.001). When this sample site variation was taken into account, fitted linear relationships 
showed that as soil organic matter increases so too does glucosidase activity (Figure 2.8). 
3.3 Phenol oxidase activity  
As pH increased, so too did phenol oxidase activity (F1,35 = 11.01, p = 0.002; Fig. 2.9). The 
relationship between soil phenol oxidase activity and pH showed significant variation in 
intercepts across sites (SD = 0.00082, χ2= 28.43, p < 0.001). When this sample site variation 
was taken into account, fitted linear relationships demonstrated that phenol oxidase 
activity increases under more alkaline conditions (Figure 2.9). 
3.4 Phospholipid Fatty Acid analysis 
Sites around the biome varied in their soil microbial biomass (mean = 31528.76 ng/g of soil, 
SD = 9319.17, n =12), and fungal: bacterial ratios (mean = 0.13, SD = 0.04, n = 12). 
Microbial biomass was correlated significantly with phenol oxidase activity across the 
biome (r9=0.63, p = 0.03), and fungal: bacterial ratios correlated significantly with 
glucosidase activity (r9=0.91, p < 0.001), (Table 2.0-12.2). 





Figure 2.7: Mean weight loss of leaf litter in litter bags after 3, 5 and 7 months in the Rainforest Biome of the 
Eden Project (n = 12, SE ±1). The two exclusion treatments were 0.8 x 0.8 mm (small) and 2 x 2 mm (large), 
evaluated at the sample mean soil pH value of 7.34. 





Figure 2.8: Glucosidase activity versus soil organic matter content for the 12 sites sampled across the 
Rainforest Biome.  The fitted linear relationships are shown from a mixed-effects model with soil organic 
matter as a fixed effect and a random effect for the intercept. It can be seen that as soil organic matter 
increases, so too does glucosidase activity. 





Figure 2.9: Phenol oxidase activity versus soil pH for the 12 sites sampled across the Rainforest Biome. The 
fitted linear relationships are shown from a mixed-effects model with pH as a fixed effect and a random 
effect for the intercept. It can be seen that as soil pH increases, so too does phenol oxidase activity.




Table 2.0-1: Correlations of Eden Project soil microbial biomass and fungal: bacterial ratio with soil 
physicochemical conditions and extracellular enzyme activity. Significance (d.f. = 10 in each case) is indicated 
as follows: n.s. = not significant (p>0.05), * p< 0.05, ** p< 0.01, *** p< 0.001. 
 
Microbial Biomass Fungal Bacterial 
Soil moisture 0.14 n.s. -0.168 n.s. 
Soil organic 0.37 n.s. -0.024 n.s. 
pH 0.452 n.s. -0.19 n.s. 
Phenol Oxidase 0.63 * -0.296 n.s. 
Glucosidase 0.09 n.s. 0.91*** 
Fungal bacterial -0.181 n.s. 
 





Forest restoration projects depend upon the successful restoration of their soils, and this 
can only be achieved by reducing the uncertainty surrounding soil functional processes. 
This study has confirmed the effects of management regime on the standardized soils of 
the Eden Project, highlighting its use as a model for forest restoration. Specifically, the 
results above show that the addition of mulch results in a matrix of varying pH and organic 
matter content, which in turn governs microbial activity. Moreover, by using exclusion 
treatments, the roles played by invertebrates and microbes in decomposition under 
different management regimes are confirmed.  
While the species richness of the Eden Project is lower than that of a tropical rainforest, the 
biome does support communities of decomposers. These range from insects such as ants 
and cockroaches to other arthropods (Treseder et al., 2011)  and microorganisms known to 
be highly abundant and key to the decomposition of organic matter in natural soils 
(Orgiazzi et al., 2016). After five months, significantly more leaf litter had disappeared from 
the large-mesh bags, likely as a result of the colonization and movements of the 
mesofauna. Indeed, the ability of soil animals to fragment organic matter and redistribute 
microbes throughout the leaf litter is known to be an important component of soil food 
webs (Soong and Nielsen, 2016). However, while these results confirm the importance of 
the mesofauna to decomposition in the intermediate stages of our experiment, the lack of 
any significant differences in decomposition rates after seven months confirms the relative 
importance of microbially mediated decomposition. 
These results support the notion that microbial communities drive the bulk of nutrient 
cycling in below ground food webs (Swift, Heal and Anderson, 1979). Although this is the 
case at the Eden Project, others have noted the importance of leaf litter type and habitat in 
modifying the contribution of macrofauna to decomposition (Slade & Riutta, 2012). The 
amount of Samania saman leaves lost from litterbags was equivalent to that of a study of 
decomposition using the same species in a dry forest in Costa Rica (Schilling et al., 2016). In 
their study, leaf litter decay rates were shown to be positively correlated with measures of 
fungal community structure and soil fertility. In the results presented here, fungal: bacterial 
ratios and microbial biomass correlated positively with phenol oxidase and glucosidase 
activity respectively, demonstrating the links between soil conditions, microbial community 
structure and function. Furthermore, the importance of soil conditions was underpinned in 
this study by the significant effect of soil pH on leaf litter decomposition. pH and organic 




matter content also contributed to the activity of microbial extracellular enzymes, 
catalyzing the cycling of nutrients within the soil. These trends mirror the findings of others 
who have studied global gradients of pH and soil carbon (Sinsabaugh, 2010), indicating that 
this managed artificial soil displays the same patterns of functioning as natural soils.  
Mulching intensity has resulted in changes to the microclimatic, chemical and physical 
properties of the Eden Project’s soils, and may have had a greater effect on soil functioning 
than plant inputs such as leaf litter or root exudates, which are known to influence soil 
microbial communities (Nemergut et al., 2010). This conclusion is supported by studies 
citing soil organic carbon as a key indicator for tropical soil fertility (Joergensen, 2010). The 
addition of manure to a tropical technosol in a microcosm experiment (Neina, Buerkert and 
Joergensen, 2016) has been shown to increase microbial functioning, but such studies 
remain limited in their ability to reflect complex soil dynamics in natural ecosystems. 
Although they are intensively managed, and in spite of their artificial nature, the work 
presented in this chapter shows that the soils of the Eden Project house communities of 
invertebrates and microbes that contribute to organic matter decomposition. These results 
support the view that a wide range of ecosystem processes depend upon communities 
across multiple trophic levels (Soliveres et al., 2016). Whilst a more comprehensive study of 
a suite of enzymes is required to gain a direct indication of soil quality (Trasar-Cepeda, 
Leirós and Gil-Sotres, 2008), the results nonetheless provide an insight into the forces 
influencing microbial structure and functioning in an artificial soil. Model systems such as 
the Eden Project prove useful in simulating complex tropical forest dynamics, albeit under 
controlled conditions, which are absent from more traditional microcosm studies. The 
trialing of soil analysis tools here has allowed for the selection of appropriate methods for 
subsequent experiments exploring the contributions of microorganisms and invertebrates 
to the functioning of soils in canopy environments.   
Summary 
- Tropical soils face degradation, posing challenges for future reforestation. 
- The Eden Project is a restoration project which supports a community of plants 
under controlled tropical conditions. 
- The activity and functioning of the invertebrate and microbial community 
associated with the soil of an artificial rainforest was investigated. 
- Decomposition of leaf litter occurred across the rainforest biome, and over time 
was reduced when invertebrates were excluded using litter bags. 
- Microbial community composition varied across sample sites, with activity driven by 
soil organic matter content and pH.
  
Chapter 3 – Methods to test soil functioning in rainforest 
canopies





Rainforest canopies are not well understood, despite being critically important in 
influencing the world’s climate, and to global carbon and nitrogen cycles (Lowman and 
Rinker, 2004). Rainforest canopies also house large numbers of ‘specialists’, plant and 
animal species adapted to specific niches, distinct from those found elsewhere in the 
rainforest (Nadkarni et al., 2002). Whilst scientific studies of these ecosystems are 
increasing as a result of advances in canopy access techniques (Lowman and Schowalter, 
2012), they nonetheless remain difficult environments within which to perform scientific 
research. The accumulations of organic matter which form at the top of trees form a key 
resource for canopy dwelling organisms such as epiphytes (Benzing, 2008), underpinning 
the high levels of species diversity which characterise these habitats (Hietz et al., 2002; 
Cardelús, 2010). Understanding how these ‘suspended soils’ contribute to nutrient cycling 
is thus vital, but studies of the microbial communities of these soils can prove to be 
particularly challenging due to the sensitivity of soil microbes to environmental disturbance 
(Nannipieri et al., 2003; Nannipieri et al., 2012). 
In the previous chapter, methods were applied to reveal the relationships between soil 
physicochemical conditions, microbial assemblages, and the production of associated 
extracellular enzymes. However, whilst useful as a proxy for invertebrate contributions to 
decomposition, leaf litter bags are limited in their role in characterising microbial 
contributions to the breakdown of organic matter and the cycling of nutrients (Gholz et al., 
2000). Through their catabolic activity, microorganisms decompose and ultimately 
mineralise organic matter to CO2, in addition to producing microbial metabolites that 
contribute directly to organic matter formation (Rubino et al., 2010). By tracing the 
enrichment of microbial biomass or sub components such as PLFAs produced during the 
decomposition of isotopically labelled organic matter, it becomes possible to determine to 
what extent different elements of the microbial community contribute to decomposition. 
Such an approach has been used to characterise microbial decomposition in agricultural 
soils and in peatlands (Evershed et al., 2006; Rubino et al., 2010), although little work to 
date has been done under tropical conditions.  
Botanic gardens can play a key role in increasing our understanding of tropical rainforests.  
The global network of such institutions provides a wealth of knowledge and resources that 
can help scientists to understand these complex ecosystems, whilst providing a unique 
forum for researchers to communicate directly with the general public (Shaw, 2015). The 




Eden Project in Cornwall U.K., provides a useful resource for exploring trends in rainforest 
canopies. The accessibility of the site for scientists and researchers, the assortment of 
tropical specimen plants growing under controlled conditions, and the functionally 
representative ecosystem contained within the biome all create a highly appealing 
opportunity for tropical ecologists to conduct tropical research without having to leave 
England. The on-site facilities include rope access trained staff, a cherry picker and a 
canopy walkway, making the site highly attractive to those focused on the ecology of 
tropical rainforest canopies and the organisms which occur here (Figure 3.1).  
The bird’s nest fern (Figure 3.2) has been shown to support a significant proportion of 
rainforest invertebrate biodiversity within its suspended soil (Ellwood, Jones and Foster, 
2002; Ellwood and Foster, 2004; Dial et al., 2006), yet to date no work has been done to 
explore the functional role of its microbial community. The discrete, self-contained nature 
of the ferns, their resistance to desiccation, and their ability to survive experimental 
manipulation makes this plant an ideal system, and can be considered a ‘natural 
microcosm’ as proposed by Srivastava et al. (2004). The ferns have already been used to 
investigate species assembly rules among insects and other invertebrates (Ellwood, Manica 
and Foster, 2009; Fayle et al., 2015a; Ellwood et al., 2016) and to trace the supply of 
nutrients from suspended soils to the forest floor (Turner et al., 2007), making them an 
ideal system within which to explore microbial contributions to decomposition. 
The ability to trial analytical techniques under controlled conditions is highly attractive 
prior to any establishment of in situ experiments exploring suspended soil community 
dynamics. In order to develop an appropriate methodological approach to explore 
decomposition in suspended soils, a novel canopy simulation tool was created within the 
Eden Project Rainforest Biome. The following describes an experiment performed using 
isotopically enriched carbon to trace microbial contributions to decomposition, in addition 
to detailing the materials and methods used in the construction of the ‘fernarium’ platform 
used for this experiment but also for those discussed in the following chapter. Specifically, 
the work in this chapter addresses three questions: (1) Does microbial decomposition of 
leaf litter occur in the suspended soil environment? (2) If so, over what timescale? (3) Does 
decomposition result in enrichment of the PLFAs of the soil microbial community? 





Figure 3.1: Eden staff using rope access techniques within the Rainforest Biome. 
 
Figure 3.2: An Asplenium phyllitidis fern in the lower rainforest canopy of the Danum Valley Conservation 
Area in Sabah, Malaysia. 





2.1 Research site 
The establishment of the canopy simulation experiment took place in the Rainforest Biome 
at the Eden Project. As part of the horticultural collection, the Rainforest Biome includes 
two Hopea odorata trees, representatives of the Dipterocarpaceae family which dominate 
the forests of Southeast Asia, and which regularly host bird’s nest ferns (Ellwood, Jones and 
Foster, 2002; Ellwood and Foster, 2004). The original tree germplasm was collected in 1998 
from Danum Valley Field Centre, the location of accompanying experimental fieldwork 
outlined in subsequent chapters. Germplasm was transported to Eden’s Watering Lane 
Nursery for germination and early growth, ready for direct planting during construction in 
2000/01. When planted, the trees were approximately 1 m, but after 15 years they have 
grown to around 25 m in height (Figure 3.3a). 
20 bird’s nest ferns were procured from Western Wholesale Plants Nursery in Weston-
super-Mare. These spent three months in quarantine at the Watering Lane Nursery before 
being introduced to the Rainforest Biome. The ferns were transferred into 17 cm diameter 
aquatic plant pots. Unlike conventional plant pots, the aquatic pots maintained the 
through-flow of water, and the exposure of the root ball to air as experienced by natural 
epiphytic ferns, whilst holding the root and soil material in position.  
2.2 The ‘Fernarium’ 
In order to perform experiments exploring bird’s nest fern microbial community activity, it 
was necessary to develop a tool which mirrored natural conditions (exposure to direct 
sunlight; height in the canopy; leaf litter inputs), but also under replicated conditions of 
temperature, humidity and rainfall. These experimental criteria were satisfied by the 
construction of a canopy research platform, called the ‘Fernarium’, allowing specimen 
plants to be standardised in plant-pot experiments under simulated canopy conditions. 
Two platforms were constructed using marine plywood, stainless steel plates, bolts and 
galvanised steel wires, with a central diameter of 1 m. The platforms were assembled 
around the trunk of the two H. odorata trees. Designed to hold ten A. nidus ferns by closely 
circling the trunk of the trees, the platform allowed ferns to intercept the leaf litter of their 
host trees as they would under natural forest conditions (Figure 3.3a & b). The weight of 
the platforms was supported by a galvanized steel cable attached to the roof of the tropical 
biome. Although the anchor point on the roof was fixed, the attachments to the platforms 
were adjustable, meaning that the platform could slide up and down the tree trunks, and 
be positioned at any height.    





Figure 3.3: a) Installing the Fernarium using a cherry picker. The platforms are suspended around two Hopea 
odorata trees using galvanised steel wire attached to the roof. b) Ten Asplenium nidus ferns positioned 
within the fernarium, with a green Agrisense sticky trap shown. c) Aquatic plant pots holding the fern roots 
and soil in place whilst allowing water throughflow reflect natural plant conditions. d) Irrigation system that 








Each platform was equipped with an irrigation system, connected to the biome’s rainwater 
fed reservoir (Figure 3.3d). To monitor the presence of invertebrates in and around the 
ferns, three Agrisense pre-baited cockroach traps from Killgerm were attached at 
equidistant positions on each platform. These were collected after one month, time 
enough to give a good insight into the movements of insects in and around the ferns, but 
short enough so as not to interfere with any longer term data collection. The tapered shape 
of the pots held each of the ten ferns in position without the need to fix them to the 
platform (Fig. 3.3d). Soil contained within these pots could be easily be sampled by 
temporarily lowering them to the ground before returning the pots to the canopy.  
2.3 Soil microbial community carbon enrichment 
The standardised, replicated conditions of the fernarium facilitated experiments to explore 
the microbial community associated with bird’s nest ferns. In particular this set up enabled 
an experiment to determine whether tracing the decomposition of leaf litter by 
microorganisms living within the fern microcosm was feasible, using isotopically enriched 
leaf litter (Hood‐Nowotny and Knols, 2007; Rubino et al., 2010). Although all 20 ferns 
contained within the two fernarium platforms are used for subsequent experiments 
detailed in the following chapter, due to the preliminary nature of work discussed in this 
chapter, only four ferns were used to test for microbial decomposition of enriched carbon. 
Prior to their installation into the fernarium, 500 g of soil and roots was cut from each of 
the four ferns. A sub sample of this soil from each of the four ferns was kept as a baseline 
measurement, frozen upon collection and subsequently freeze dried. The remaining 
removed soil was mixed with 1.7 g of isotopically enriched 13C leaf litter, cut into pieces 
measuring 0.5 cm x 0.5 cm, and replaced into the pot containing the fern from which the 
soil was taken. This labelled leaf litter was derived from wheat grown hydroponically in 
sealed chambers at Bristol University, where levels of CO2 were maintained at 400 ppmil. 
The CO2 was 99% enriched in 
13C, provided by Cambridge isotope labs. The plants were cut 
upon reaching maturity, and dried in an oven at 50 °C. Enrichment of the plant material 
was confirmed by Isotope Ratio Mass Spectrometry, and shown to be enriched at δ 13C (‰) 
+ 4634.68 per mil. δ13C is calculated using the following equation, where R is the ratio of 13C 
to 12C in the sample:: 
δ13C = [(Rsample / Rstandard)-1] x 1000 
After a period of three months a subsequent sample of soil was collected from the same 
position, which was frozen and subsequently freeze-dried. This resulted in soil samples 




collected at the beginning of the experiment (n = 4), and matched samples collected after 3 
months of suspension in the fernarium (n = 4). A leaf sample was also collected from each 
of the four ferns prior to and after 3 months of suspension in the fernarium (n = 4 ferns; 
Table 3.1). For each sample, a single crosier (new unfurling leaf) was cut from the plant, 
immediately frozen, and subsequently freeze-dried. The freeze-dried leaf was then 
homogenized and ground to a fine powder using an Ultra Turrax T 18 homogeniser.  
A 2ml vial for each sub sample of soil and leaf material was sent to the NERC Stable Isotope 
Analysis Facility at the Centre for Ecology and Hydrology in Lancaster. Here, samples were 
dried at 105 °C for 1 hour and cooled in a desiccator. In order to yield 500 ug of carbon, 
1mg of each sample was weighed using a high precision microbalance (Sartorious Ltd) and 
then sealed into a 6 x 4 mm tin capsules (Elemental Microanalysis Ltd, Okehampton). 
Samples were then combusted using an automated Carlo Erba NA1500 elemental analyser 
coupled to a Dennis Leigh Technology Isotope Ratio Mass-Spectrometer. The recorded 
values of enrichment were compared against working standards of beet sucrose, flour, soil, 
and 13C-labelled glutamic acid.   
Approximately 50 g of each soil sample was used for PLFA analysis, using methods outlined 
for the analysis of ground soils in the previous chapter. The assimilation of 13C into the 
microbial community was examined by analysing the PLFA extract of each sample with 
Isotope Ratio Mass Spectrometry at the NERC Stable Isotope Analysis Facility at the 
University of Bristol. GC/C/IRMS analyses of PLFA FAMEs were carried out using a 
ThermoFinnifan Delta Plus XL IRMS (electron ionisation, 100 eV electron voltage, 1 mA 
electron energy, 3 Faraday cup collectors m/z 44, 45 and 46) linked to a Hewlett Packard 
6890N GC via a ThermoFinnigan version 3 combustion interface with a copper oxide and 
platinum catalyst maintained at 850 °C. Isotope ratios were then calculated using Isodat 3.0 
(Thermo Fisher Scientific, Waltham, MA, USA). This allowed subsequent calculation of the 
enrichment of individual PLFAs. 
Table 3-1: Summary of samples analysed for δ
13
C enrichment 
Fern Soil Leaf Microbes 
1 0, 3 months 0, 3 months 0, 3 months 
2 0, 3 months 0, 3 months 0, 3 months 
3 0, 3 months 0, 3 months 0, 3 months 
4 0, 3 months 0, 3 months 0, 3 months 
Total 8 8 8 





3.1 Invertebrate Traps 
Upon collection after one month, sticky traps revealed the presence of the white footed 
ant (Technomyrmex albipes) and Australian cockroach (Periplaneta australasiae) on the 
fernarium platforms. 
3.2 13C enrichment of soils, leaves and PLFAs 
Detection of 13C in the bulk soils revealed relatively high levels of δ13C after a period of 
three months. Prior to the addition of the labelled litter, the four fern soils displayed an 
average δ13C value of -27.87 ±0.10 ‰ (mean, ± standard error). After three months the soil 
displayed average δ13C value of 105.02 ±19.46‰ (Figure 3.4). 13C enrichment of fern leaves 
did not occur. Leaves collected prior to addition of labelled litter to the soil displayed an 
average δ13C value of -29.83 ±0.65 ‰. After three months the leaves displayed average 
δ13C value of -30.09 ±0.61 ‰ (Figure 3.4). PLFA peaks displayed enrichment over time from 
0 months to 3 months. Table 3.2 details the average enrichment of individual peaks whilst 
Figure 3.5 reports them individually. 
Table 3-2: Average δ
13
C values of PFLA peaks extracted from the microbial community prior to the addition of 
leaf litter and after 3 months (n = 4). 
 0 months 3 months 
 Mean SE Mean SE 
14:0 -28.45 2.92 481.11 71.69 
i15:0 -27.26 0.72 582.76 123.11 
a15:0 -28.10 1.78 714.25 136.36 
15:0 -29.34 2.72 604.18 104.08 
i16:0 -29.39 1.59 627.36 105.72 
16:0 -31.11 0.50 471.50 49.22 
16:1ω11 -22.68 3.91 527.93 111.01 
12Me16:0 -32.59 1.48 374.29 41.84 
16:1ω7c -27.55 1.11 560.72 110.23 
10Me16:0 -25.37 0.81 548.67 121.13 
i17:0 -24.83 1.29 667.09 154.17 
a17:0 -28.99 2.32 583.85 89.07 
17:1ω8c -31.60 0.81 739.75 174.32 
18:0 -29.65 0.97 245.20 63.35 
cy19:0 -22.57 3.33 650.13 125.77 
18:1ω9 -28.86 0.57 245.59 76.71 
18:1ω7 -27.56 0.33 558.18 160.56 
18:1ω5c -16.99 3.67 320.71 53.16 
18:02 -30.70 0.67 397.63 97.45 
19:0 -28.07 0.39 692.12 96.12 









C enrichment of soil and leaves collected from four ferns after three months of exposure to 
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By developing a platform that can support epiphytes under standardised conditions, similar 
to those found in the Malaysian rainforest from which the Eden plants were originally 
sourced, the fernarium allows for valuable canopy research to be conducted before 
embarking on overseas fieldwork. For example, suspended soils within the canopy have 
been described as integral components of ecosystem-level nutrient cycles (Cardelús, 2010). 
By simulating suspended soils, the fernarium allowed for the successful tracing of carbon 
from isotopically enriched leaf litter into soil organic matter and the microorganisms 
responsible for its decomposition after 3 months.  
Microbes inhabiting suspended soils such as those associated with bird’s nest ferns play a 
key role in organic matter decomposition, nutrient cycling and the viability of epiphytes 
such as bird’s nest ferns. However, little work has been done to explore the diversity and 
functioning of these microbial communities (Nakamura et al., 2017). By recreating the 
natural conditions of a fern and its suspended soil under standardised conditions, the 
fernarium facilitates the research and development of methods for sampling soil microbes. 
The mobile plant pots can be removed from the platform, allowing for the rapid and non-
destructive collection of soil samples. Moreover, given the sensitivity of soil analysis 
techniques to disturbance and environmental fluctuations, it is enormously beneficial to be 
able to standardise temperature and humidity, perform experiments in a secure location 
such as the Rainforest Biome, and take advantage of the site’s proximity to universities and 
laboratory facilities. The novel, functioning yet controlled nature of the biome’s ecosystem 
also strengthens its use as a site for exploring ecosystem function, in comparison with the 
more sterile conditions of classic greenhouse studies. 
The experiment to test the feasibility of using enriched isotopes for quantitative studies of 
decomposition revealed that detection of carbon within bulk soil samples, and within soil 
microbial community extracts is a worthwhile avenue for future studies. There was a 
relatively strong signal of carbon remaining within the soil after 3 months, with no 
apparent enrichment of fern leaves. This demonstrates that carbon retention within the 
soil body remains relatively high, and that rates of decomposition under tropical conditions 
will still be detectable after relatively long periods. Thus, such a method can prove useful 
for longer term manipulative experiments. The absence of enriched carbon within the 
leaves of sampled ferns is perhaps unsurprising given that plants receive their carbon from 




the atmosphere rather than from the soil. Microbial respiration of any enriched carbon was 
not in rates high enough to result in plant enrichment over the course of three months. 
The detection of 13C in the PLFA extracts proves most important for future studies, 
confirming the role of microorganisms in the decomposition of suspended soil organic 
matter, and of this method as an appropriate approach to quantify a measure of ecosystem 
function. The analysis of rates of microbial enrichment is extremely useful as a proxy for 
microbial functioning, and when coupled with experimental manipulation of ecosystem 
biodiversity, will provide a quantifiable value of carbon decomposition. The relatively high 
levels of variation between samples of both bulk soil, and microbial enrichment are likely as 
a result of the highly variable soil system, which experiences complex interactions between 
litter, roots, microbes and nutrient supply (Fierer, 2017). Nevertheless, the introduction of 
13C-labelled substrates to soils followed by GC-IRMS analyses of individual PLFA enables 
quantitative and chemotaxonomic information about resource use for groups of 
microorganisms, thus facilitating studies to explore their differing roles in suspended soils 
(Rubino et al., 2010; Evershed et al., 2006).  
The nutrients associated with suspended soils are released through leaching (Umana and 
Wanek, 2010; Turner et al., 2007; Zimmermann, Wilcke and Elsenbeer, 2007), and thus the 
water inputs associated with these plants will determine not only plant survival but also 
nutrient retention. Building a remotely controlled irrigation system into the fernarium 
allowed the experimental modification of the water supply to the ferns, making it possible 
to investigate the impacts of drought or heavy rainfall on leaching, nutrient cycling, as well 
as biological processes within ferns. Levels of irrigation can simulate precipitation rates in 
line with climate change projections (Sheffield and Wood, 2008), making it possible to 
evaluate the effects of changing rainfall patterns, not only on the health of the plants 
themselves, but also on the functioning of their associated suspended soils. Using the same 
system, levels of nutrients provided to the plants can be manipulated in an attempt to 
understand the impacts of human driven nutrient deposition on rainforests (Hietz et al., 
2002; Hietz et al., 2011).  
Given their role in sequestering organic matter, nutrients and water, canopy epiphytes 
such as the bird’s nest fern represent a highly significant resource for canopy organisms, 
particularly arthropods (Ellwood, Jones and Foster, 2002; Ellwood and Foster, 2004). The 
complex ecological interactions of invertebrates and ecosystems can be difficult to study in 
natural habitats, but the simplified and standardised conditions associated with botanic 




gardens can facilitate large-scale laboratory experiments. The sticky traps of the fernarium 
revealed that the ferns were rapidly colonised by invertebrates from ground litter 
communities found throughout the Eden Project. In particular, significant numbers of white 
footed ants (Technomyrmex albipes), Surinam cockroaches (Pycnoscelus surinamensis) and 
Australian cockroaches (Periplaneta australasiae) were visiting the ferns. This is a 
significant discovery for the maintenance of botanic gardens: invertebrates such as 
cockroaches are clearly using pockets of organic matter and suspended soils within 
epiphytes as they would in the rainforest canopy, and are therefore escaping conventional 
pest control methods. 
In simulating epiphytic conditions, the fernarium provides a fruitful resource for test driving 
methods prior to their application during fieldwork, but also in revealing patterns which 
exist in the canopy. In particular, methods to test microbial activity which are difficult to 
measure in the field due to their sensitive nature can be explored under controlled 
conditions. This is capitalised on during experiments outlined in the following chapter, 
which examine how microbial communities associated with suspended soils respond to 
changes in biotic and abiotic factors. 
Summary 
- Rainforest canopies and suspended soils house significant levels of biodiversity. 
- Simulating rainforest canopies in botanic gardens can facilitate experiments 
exploring key issues in canopy ecology.  
- The role of canopy microorganisms in particular is not well understood. 
- Tracing the movement of isotopically enriched carbon can help to reveal processes 
of decomposition in the fern microcosm. 
- The carbon contained in canopy soil organic matter is assimilated into the cell walls 
of the fern soil microbial community. 
 
  
Chapter 4 – The role of biotic and abiotic factors for microbial 
communities in suspended soils  





The canopy of tropical rainforests provides a unique habitat for a range of organisms in 
spite of characteristic extremes in nutrient availability and climate (Nadkarni, 1994; 
Bohlman, Matelson and Nadkarni, 1995; Ozanne et al., 2003). Suspended soils, that is, the 
accumulation of organic matter supporting microorganisms, invertebrates and plants are 
important components of the canopy ecosystem (Nadkarni et al., 2002). The inhabitants of 
canopy soils depend on the tight cycling of limited resources, facilitated by a decomposer 
community adapted to the extremes in climate that characterise canopy habitats (Wanek 
et al., 2002; Clark, Nadkarni and Gholz, 2005; Cardelús, 2010). In terrestrial soils, 
microorganisms are known to drive decomposition (Swift, Heal and Anderson, 1979), yet 
little is known about the abundance of microorganisms or their role in canopy soils (Pittl et 
al., 2010; Lambais et al., 2006; Lambais, Lucheta and Crowley, 2014). Recent advances in 
canopy access have improved our understanding of tropical rainforests but information on 
canopy microbial communities is lacking (Lowman and Schowalter, 2012; Nakamura et al., 
2017).  
The composition and functioning of soil microbial communities is known to be influenced 
by multiple drivers, namely: nutrient inputs to the soil (Hobbie and Vitousek, 2000; Allison 
and Vitousek, 2004; Waldrop and Firestone, 2004; Cusack et al., 2009); the activity of the 
associated invertebrate community, notably earthworms (Scullion and Malik, 2000; Frouz 
et al., 2008; Blouin et al., 2013); soil temperature, humidity and pH (Birkhofer et al., 2012; 
Swallow et al., 2009; Sinsabaugh, Moorhead and Linkins, 1994; Hendershot et al., 2017). 
Given the unique conditions under which canopy soils form, the relative importance of 
these factors is likely to be markedly different from the soils found at the base of trees.  
Soil fungi and bacteria drive decomposition by producing extracellular enzymes in response 
to their nutrient demands (Allison and Vitousek, 2005). These enzymes convert polymeric 
compounds contained within organic matter into smaller absorbable molecules 
(Sinsabaugh, Moorhead and Linkins, 1994). Hydrolytic enzymes such as β-glucosidase and 
N-acetyl-glucosaminidase generally break down labile carbon stored in cellulose and chitin, 
whereas oxidative enzymes such as phenol oxidase decompose recalcitrant lignin (Paterson 
et al., 2008; Kramer et al., 2016). Suspended soils are high in organic matter and thus 
organic nitrogen, but it is not known whether canopy microorganisms can access this form 
of nitrogen (Charteris et al., 2016). However, forest canopies are also experiencing 
increasing deposition of inorganic nitrogen from the atmosphere (Matson, Lohse and Hall, 




2002). This inorganic nitrogen has been shown to modify soil microbial activity in certain 
tropical regions and contribute significantly to epiphyte nitrogen balances (Clark et al., 
1998; Mo et al., 2008). It is thought that the addition of inorganic nitrogen from the 
atmosphere stimulates decomposition in suspended soils that are nutrient limited by 
providing microorganisms with the resources required to increase extracellular enzyme 
production (Allison and Vitousek, 2005). Another factor known to influence extracellular 
enzyme production is the presence of organisms such as earthworms, which increase the 
availability of nutrients to microbes through soil mixing or bioturbation (Blouin et al., 
2013). However, the unique nature of suspended soils associated with epiphytes could 
mean that these traditional predictors of soil community composition and activity are not 
as important as other predictors in the canopy. 
The epiphytic bird’s nest fern introduced in the previous chapter depends on its associated 
canopy soil for survival. The bird’s nest fern’s ubiquity, its consistent organic matter 
composition, and its resilience to experimental manipulation have facilitated initial studies 
of nutrient cycling between the canopy and the forest floor (Turner et al., 2007). Their role 
as a harbour of high levels of invertebrate abundance and diversity (including earthworms) 
(Ellwood, Jones and Foster, 2002; Ellwood and Foster, 2004), has been used to elucidate 
complex species assembly rules (Ellwood, Manica and Foster, 2009; Fayle et al., 2015a; 
Ellwood et al., 2016). Bird’s nest ferns thus provide an ideal vehicle to assess the influence 
of nutrient balances and invertebrate activity on microbially mediated decomposition in 
suspended soils.  
 This chapter examines the potential of bird’s nest fern soil to support microbial 
communities whose activities are adapted to the canopy environment. The fernarium 
platform introduced in the previous chapter was used to test the relative importance of 
traditional predictors of soil microbial community composition and functioning. Using the 
ferns as natural microcosms in a model rainforest provided biologically realistic conditions 
while allowing for precise control over the physical environment. This study aims to test 
the impact of the following on microbial community structure and functioning: 1) the 
addition of inorganic nitrogen; 2) the activity of earthworms; and 3) suspension within the 
canopy, to simulate the physical conditions (exposure to the air, regular wetting and drying, 
throughflow of water) experienced by epiphytic soils. Results were validated by comparing 
the microbial communities of the Eden Project ferns with natural bird’s nest ferns collected 
from pristine tropical rainforest in Borneo.   




2. Methods  
2.1. Eden Project experiments 
Data collection took place at the Eden Project in Cornwall, U.K. (50.3601°N, 4.7447°W). A 
total of 20 Asplenium ferns were procured from Western Wholesale Plants Nursery in 
Weston-Super-Mare, U.K. Soil was removed from the plant roots, and was replaced with 
organic matter mulch made on site at the Eden Project. This mulch has an average pH of 
8.4. Average soil nitrogen in the form of NO3-N was 36.1 mg/kg, and in the form of NH4-N 
was 20.3 mg/kg. Average soil element content was 122.2 mg/l for P, 1730.5 mg/l for K, and 
251 mg/l for Mg. Before the experiment, ferns were housed in a nursery for a period of 
four months, under average daily temperatures of 21.8 ± 0.6 °C, with a relative humidity of 
88.28 ± 0.16 %. These ferns were kept in solid trays meaning that their soil was enclosed in 
between each daily watering event. Baseline soil samples were taken from each fern at this 
point (n = 20). Approximately 10% of the total soil volume was removed during each 
sampling event, with care taken not to disturb the remaining soil body.  
Ferns were then transferred from the nursery to the Rainforest Biome, which experiences 
controlled levels of temperature and humidity (daily temperatures average 25.57 ± 0.03 °C 
and humidity 93.78 ± 0.05 %). The host trees used for the experiment were Hopea odorata, 
a common species of rainforest tree from the same family (Dipterocarpaceae) as our host 
trees in Borneo. These trees were originally sourced from Danum Valley, the location of the 
field site where subsequent work was undertaken (Marsh and Greer, 1992). 
In order to examine the impact of bioturbation and nutrient inputs in shaping canopy soil 
microbial communities, the ferns were experimentally manipulated under a factorial 
design, whereby:  
- 5 ferns were inoculated with 5 earthworm individuals; 
- 5 ferns were dosed with an ammonium nitrate solution; 
- 5 ferns received both 5 earthworms and ammonium nitrate;  
- 5 non manipulated ferns served as controls. 
Ferns were positioned into the fernarium platforms (Figure 4.1a). Soils were sampled after 
three months, in September 2015 (n = 20), and after a further three months in December 
2015 (n = 20). Of these soil samples, approximately 500 g was kept at ambient 
temperature, whilst a sub sample of 30 cm3 was immediately frozen, and subsequently 
freeze-dried. Upon collection of the final samples, the ferns were dissected to confirm the 
presence of earthworms in all appropriate treatments. 




2.2 Collection of ferns from Danum Valley 
The soil associated with 20 natural bird’s nest ferns was collected from the pristine lowland 
dipterocarp rainforest of the Danum Valley Conservation Area (DVCA), located within the 
state of Sabah, in Malaysian Borneo. The Danum Valley Field Centre (4°58’N, 117°42’E, 
altitude ~170m; Figure 4.2) experiences a wet equatorial climate, not strongly seasonal, 
with an average rainfall of 231.9 mm per month, and 2785.4 mm per year. Daily 
temperatures are on average 26.7 °C, with mean highs of 31 °C and lows of 22.5 °C. Daily 
humidity averages 95%, although reaches lows of 72% in the middle of the day (Marsh and 
Greer, 1992). 
Asplenium ferns (Figure 4.1b) were collected along the existing trail network surrounding 
the field centre. One hectare of forest, split across five 2000 m2 sites was surveyed, and all 
ferns present below 8 m were recorded. Details of estimated leaf rosette diameter allowed 
for a rough estimation of the age of each fern, and height determined their accessibility for 
sampling. Of those with a diameter greater than 100 cm, and below 8 m in height, a 
random subsample of 20 ferns across the five sites was collected using a combination of 
ladders and single rope access techniques. Ferns were removed from their host tree, with 
care taken to collect as much soil associated with the roots as possible.  
The soil associated with each fern was removed and homogenised using a 1 x 1 cm mesh 
sieve. The soil was placed in Ziplock bags before being frozen. These frozen samples were 
then transported to the Forest Research Centre at Sepilok, before being placed into an 
Alpha 1-4 LSC freeze drier for 24 hours. The resulting freeze-dried sample was stored at –20 
°C in 20 ml glass vials before being transported back to the U.K. for analysis. 





Figure 4.1: Asplenium bird’s nest ferns in: a) the Rainforest Biome at the Eden Project, Cornwall, U.K.; b) 
Danum Valley, Sabah, Malaysian Borneo. 





Figure 4.2: The location of Danum Valley Field Centre (DVFC) in the state of Sabah (outlined in red), 
Malaysian Borneo. 




2.3. Hydrolase enzyme activity 
The potential enzyme activity of the experimental fern microbial communities at the Eden 
Project was tested using fresh soil samples (n = 60). Following their collection at the Eden 
Project, soils were placed in Ziplock bags and transported back to the laboratory where 
they were stored at room temperature for one week, and were opened regularly to 
facilitate soil respiration. Methylumbelliferone (MUF) substrate solutions were prepared 
for the enzymes β-glucosidase and N-acetyl-glucosaminidase. Preliminary data 
demonstrated that a concentration of 100 µm saturated the enzyme reaction allowing for 
an estimate of Vmax, the maximum enzyme capacity of the soil. Each soil solution (1:5 wet 
soil to deionised water) was pipetted out onto a 96 well plate, with three wells for each soil 
sample. One contained a soil blank with deionised water, one with the MUF substrate, and 
one with the MUF standard. The reaction was left active for one hour before 1M sodium 
hydroxide was added to terminate the reaction. The plate was then transferred to a 
Fluostar Optima Fluorometer (BMG Labtech) plate reader to record levels of fluorescence. 
An average of three sub-samples was calculated for each sample. The data were then 
converted to give β-glucosidase activity (µmol MUF g-1 hour-1).  
2.4. Oxidative enzyme activity 
Potential phenol oxidase activity was determined by pipetting 0.75 ml of soil solution (1:5 
wet soil to deionised water) into two Eppendorfs for each soil sample (n = 60). Deionised 
water was added to one, whilst a 10 mM solution of L-3,4-dihydroxyphenylalanine (L-
DOPA) was added to the other. These were incubated at room temperature for one hour 
before being centrifuged to remove the sediment from the supernatant. The supernatant 
was pipetted onto a clear microplate and transferred to a Fluostar Optima Fluorometer 
(BMG Labtech) plate reader to measure absorbance at 460 nm. Phenol oxidase activity per 
sample was calculated by comparing the L-DOPA solution with that of the water blank. An 
average of three sub-samples was calculated for each sample, and the data were then 
converted to give phenol oxidase activity (µmol dicq g-1 hour-1).  
2.5. Phospholipid Fatty Acid analysis 
The freeze-dried soils collected from Danum Valley (n = 20) and the Eden Project (n = 60) 
were analysed for their phospholipid profiles. Each sample was ground to a fine power, 
with 500 mg added to 2.8 ml of a 2: 0.8 ratio of methanol: water solution in a 7 ml Precellys 
homogenisation tube and homogenised. 1.35 ml of chloroform was added and the sample 
was centrifuged. The supernatant solution was transferred into a 30 ml glass vial, and the 
soil sample re-extracted with Bligh-Dyer solution (2: 0.8: 1 ratio of methanol: water: 
chloroform). The organic and aqueous phases were separated by the addition of water and 




chloroform before being centrifuged. The bottom (organic) layer was removed and the 
aqueous layer was re-extracted with chloroform. The sample was blown down under 
nitrogen and the total lipid extract (TLE) was then stored at -20 °C.  
The TLE was further separated using column chromatography using the method described 
by Dickson et al. (2009), with the neutral fraction and glycolipids separated to leave the 
phospholipids. The phospholipids were then derivatised in hydrogen chloride, along with 
10 µl of a known C18 alkane (N-octadecane, 99+% Acros Organics, New Jersey, USA). The 
sample was heated at 60 °C in a sealed tube, before the resulting fatty acid methyl esters 
(FAMEs) were extracted into hexane. This solution was evaporated at 40 °C under nitrogen 
before the FAMEs were re-dissolved in 30 µl of hexane. 1 µl of this solution was then 
analysed using gas chromatography (GC) and gas chromatography-mass spectrometry (GC-
MS).  
Detailed chromatograms were produced for each sample. The peaks displayed on the 
resulting chromatogram were identified using Xcalibur 3.0 (Thermo Scientific). These were 
identified as either bacterial or fungal based on the classification of (Frostegård and Bååth, 
1996) and fungal: bacterial ratios were calculated for each soil sample. In addition, soils 
from Danum and Eden were classified using Rubino et al. (2010), in order to gain a broad 
indication of the prevalence of different groups of microorganisms (Table 4-1).  
Table 4-1: Classification of PLFA peaks as specified by Rubino et al. (2010). 
Microorganism class PLFA Peaks 
Gram + i15:0, a15:0, i16:0, a16, i17:0, a17:0 




2.6. Statistical analysis 
A two-way ANOVA was performed on the Eden Project data, with β-glucosidase activity, N-
acetyl-glucosaminidase, phenol oxidase activity, and soil fungal: bacterial ratio as the 
response variables, and treatment and time as the explanatory variables, including their 
interaction effects. Data were analysed using the R statistical analysis software (R Core 
Team, 2013).  
The effects of treatment on microbial community composition were tested through 
multivariate analysis of the PLFA profiles of each fern, using PRIMER version 7.0.13 with 
PERMANOVA+ (Clarke and Gorley, 2006). Fern soil microbial community composition was 




characterised by the relative abundance of PLFAs. The data were square root transformed 
and Bray-Curtis measures of similarity were calculated across ferns to determine their 
similarity. The effects of each treatment, and the month of sample collection on microbial 
community composition were tested using random permutations of the dataset. A 
PERMANOVA was used to determine whether these factors exerted significant effects on 
community composition.  
Principal Coordinate Ordination (PCO) was used to compare the microbial communities of 
ferns from the Eden Project with those from Danum Valley. A hierarchical clustering with 
group-average linking, based on the Bray- Curtis similarities was then used to test for 
significant similarity between the three sample groups, namely ferns pre and post 
experimental treatment (0 and 6 months, respectively) and natural ferns from Danum 
Valley. 





3.1. Eden Project enzyme activity and fungal: bacterial ratio 
For all three sampled enzymes, the treatments did not result in significant differences in 
enzyme activity when compared with untreated control ferns after 3 or 6 months. N-acetyl-
glucosaminidase (ANOVA F1,52 = 42.158, p <0.001) and β-glucosidase (ANOVA F1,49 = 45.98, p 
<0.001) activity decreased over time, whilst phenol oxidase activity increased over time 
(ANOVA F1,52 = 54.98, p <0.001). Treatment and its interaction with time had no significant 
effect across all sampled traits (Figure 4.3; Table 4-2). 
Fungal: bacterial ratios started to increase after 3 months (ANOVA F1,43 = 29.09, p <0.001). 
Treatment and its interaction with time had no significant effect across all sampled 
responses (Figure 4.3; Table 4-2).  









F1,52 = 42.158  
p < 0.001 
F1,49 = 45.98 
p < 0.001 
F1,52 = 54.98 
p < 0.001 
F1,43 = 29.09 
p < 0.001 
Treatment 
F3,52 = 0.918 
p = 0.439 
F3,49 = 0.754 
p = 0.526 
F3,52 = 0.508 
p = 0.678 
F3,43=2.3 
p = 0.09 
Ti x Tr 
F3,52 = 0.910 
p = 0.443 
F3,49 = 0.288 
p = 0.834 
F3,52 = 0.666 
p = 0.577 
F3,43=0.455 
p = 0.722 
The microbial communities of fern soils from the Eden project where compared by 
constructing Bray-Curtis similarity measures based on the PLFA profiles of soils. 
PERMANOVA analysis demonstrated that the month of soil collection had a significant 
effect on PLFA composition (Pseudo-F2,38 = 376.13, p = 0.001), whereas neither treatment 










3.2 Fern soil microbial community analysis 
The soils collected from both the Eden Project ferns and those of Danum Valley contained a 
range of PLFAs of varying abundance. Chromatograms were used to identify the microbial 
groups present, before their relative abundance was calculated (Figure 4.4). PLFAs revealed 
the presence of gram positive, gram negative, actinomycetes and fungi in addition to 
further peaks, unassigned to a specific taxon due to their ambiguous composition (Rubino 
et al., 2010). The relative abundance of individual PLFAs varied across collection times at 
the Eden Project, and also differed from those collected in Danum Valley (Figure 4.4). 
However, although the peaks of individual PLFAs differed, analysing entire community 
profiles revealed a pattern of increasing similarity between the ferns from the Eden Project 
after 6 months and the ferns from Danum Valley (Figure 4.5; Figure 4.6). 





Figure 4.3: Temporal changes in fern soil properties (a) N-acetyl-glucosaminidase activity, (b) β-glucosidase 
activity, (c) phenol oxidase activity, (d) fungal: bacterial ratio of ferns at times 0, 3, 6 months (Mean ± SE, n = 
5). Treatments are indicated in the legend as follows: AN = ammonium nitrate; W = worms; C = control; AN + 
W = ammonium nitrate plus worms. 




Ferns from the Eden Project at time 0 had a relative abundance of 2% actinomycetes, 23% 
gram-negative bacteria, 4% fungi, 24 % gram-positive bacteria, with a further 47% of PLFAs 
not specifically assigned (Figure 4.5a). After 6 months, these same ferns contained a 
microbial community consisting of 1.5% actinomycetes, 30% gram-negative bacteria, 15% 
fungi, 14 % gram-positive bacteria, and 39.5% of PLFAs not specifically assigned (Figure 
4.5b). Ferns from Danum had a relative abundance of 3% actinomycetes, 19% gram-
negative bacteria, 11% fungi and 20 % gram-positive bacteria (Figure 4.5c). The remaining 
47% of PLFAs are not assigned to specific microbial groups (Figure 4.5c). 
The PLFA profiles of ferns from the Eden Project collected after 0 months, after 6 months 
and from Danum Valley were compared by performing a Principal Coordinate Ordination 
(Figure 4.6). The ordination revealed three distinct assemblages, composed of the three 
fern sample groups. Levels of similarity were assessed by performing a cluster analysis 
based on group averages. This revealed that the PLFA profiles of ferns collected from the 
Eden Project after 6 months were converging with ferns collected from Danum Valley, with 
their group averages being more similar to one another than those from the Eden Project 
at time zero (Figure 4.6 and 4.7). 





Figure 4.4: Relative abundance of fern soil PLFAs from experimental ferns at the Eden Project prior to 
suspension and after 6 months under epiphytic conditions, and from natural specimens from Danum Valley 
(all means ± SE, n = 20). 
 
Figure 4.5: The average microbial community composition of: a) 20 bird’s nest ferns from the Eden Project 
prior to experimental manipulation; b) 20 bird’s nest ferns after 6 months in the rainforest biome; c) 20 
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Figure 4.6:  The PLFA profile of fern soils collected from the Eden Project prior to placement in the canopy, 
after 6 months in the canopy, and from natural fern soils collected in Danum Valley. Dashed lines enclose 
points within 80% similarity envelopes. 
 
 
Figure 4.7: Hierarchical clustering of fern soil microbial communities, using group-average linking of Bray-
Curtis similarities calculated on square root transformed abundance data. Samples were collected from the 
Eden Project after 0 (00) or 6 months (06) and from Danum Valley (0D). The two groups produced by an 
(arbitrary) threshold similarity of 80% are shown. 
 





This study shows that soil enzyme activity, used as an indicator of changes in soil microbial 
community under simulated epiphytic conditions, did not respond to the addition of 
inorganic nitrogen or earthworm activity. Enzyme activity did, however, shift significantly in 
both treatments and in controls during the six month experiment. Unlike soils on the 
ground, the extreme shifts in temperature and moisture experienced by canopy soils will 
result in a microbial community adapted to the rigours of the canopy environment. It 
follows that these factors will outweigh the effects of traditional predictors of microbial 
community dynamics.  
Compared with the forest floor, suspended soils associated with epiphytes are nitrogen 
poor (Wanek and Zotz, 2011), and are likely to depend upon inorganic nitrogen from the 
atmosphere (Watkins, Rundel and Cardelús, 2007). It is possible that the fern soil 
microorganisms at the Eden Project were not nitrogen limited, which would explain the 
lack of a response to the addition of nitrogen. This would be consistent with observations 
of other tropical soils (Matson et al., 1999). It is also possible that the addition of 
ammonium nitrate failed to affect the microbial communities because the irrigation system 
used delivered enough water (0.5 l/day) to flush the nitrogen straight through the ferns. 
This amount of water passing through the ferns is not unlike the amounts of rainfall 
observed in Danum Valley (Marsh and Greer, 1992) and regular throughfall is a genuine 
feature of bird’s nest ferns. The passage of water through Asplenium ferns has already 
been shown to leach nutrients from their soils in tropical rainforests (Turner et al., 2007), 
with throughfall having higher total ion conductivity, and becoming significantly more 
enriched in nitrates and potassium. It seems reasonable to assume that suspended soil 
microbial communities must be adapted to conditions of constant leaching and low levels 
of nitrogen. The existing microbial communities associated with these ferns are unlikely to 
be determined by nutrient limitation alone. Finally, although an initial spike in microbial 
activity may have occurred following the addition of nitrogen, it would not be possible to 
detect the legacy of this increase in microbial activity after three months. This could have 
been detected by sampling the ferns in the days following the addition of nitrogen.  
Earthworms have for a long time been known to modify soil structure, increasing the 
aeration and pH of soils, conditions known to influence microbial community structure 
(Blouin et al., 2013). Earthworms are also known to colonise canopy soils along with a suite 
of other invertebrates (Ellwood, Jones and Foster, 2002; Ellwood and Foster, 2004), 




contributing to the decomposition of organic matter. Our study found no effect of 
earthworms on soil microbial community composition, or activity. Traditional microcosm 
studies using an equivalent number of earthworms for the volume of soil analysed reported 
changes in soil microbial biomass and mineralisation (Bohlen and Edwards, 1995; Araujo, 
Luizão and Barros, 2004). In tropical rainforests, invertebrate decomposers and other 
animals play significant roles in modifying microbial composition and activity. This study 
focused only on earthworms, as these are well known decomposers, but here it seems that 
other factors outweighed any effect that earthworm activity may have had on microbial 
community composition and enzyme activity. 
These results challenge the traditional predictors of microbial community structure, 
predictors which were derived from the characteristics of ground soils. This study shows 
that changes in microbial community composition in suspended soils are likely the result of 
the physical conditions under which epiphytic soils form. Over time, the legacy effect of 
being stored in relatively cool nursery conditions disappeared in the face of gravitational 
water loss and daily desiccation caused by the movement of air around the ferns and their 
associated soil. All fern soils shifted over time, regardless of treatment. Hydrolytic enzyme 
activity (N-acetyl-glucosaminidase and β-glucosidase) decreased, whereas oxidative 
enzyme activity (phenol oxidase) increased. Changes in the expression of these 
extracellular enzymes could be interpreted as a change in the nutrient demands of the 
microbial communities. It could, however, also be the result of a shift in the structure of 
the microbial community itself.  
One of the advantages of PLFA analysis is that, unlike genetic analysis, only the most recent 
microbial communities are detected (Zelles, 1999). This makes PLFA profiles useful for the 
detection of changes in microbial structure through time. Relative abundance of PLFAs and 
fungal: bacterial ratios confirmed relative increases in the amount of fungi between three 
and six months. Further analysis of PLFA concentrations, rather than just relative 
abundances, and sampling over a longer time scale would strengthen our insight into shifts 
in the microbial biomass and related enzyme activity. PERMANOVA analysis of all 
microorganisms, including actinomycetes, fungi, gram-positive and gram-negative bacteria, 
also revealed no significant differences between treatments. However, it was striking to 
note that a relative increase in fungi meant that overall microbial composition in the Eden 
ferns after six months was more similar to that of natural ferns collected from Danum 
Valley than to the Eden ferns at time zero. The increase in fungi is likely due to their ability 
to transfer water through networks of hyphae, thus allowing them to survive regular 




wetting and drying (Guhr et al., 2016). In temperate forests, fungi contribute more to 
decomposition in the canopy than on the forest floor (Rousk and Nadkarni, 2009). In 
tropical forests, where the physical environment is more extreme, fungi are likely to be 
more important. Our study supports this notion, with relative increases in fungi as ferns 
were transferred from the cooler nursery conditions to hotter and drier epiphytic 
conditions. A range of epiphytes, including members of the genus Asplenium, have been 
shown to be physiologically resistant to desiccation (Watkins et al., 2007). Epiphytic plants 
are adapted to life in the harsh conditions of rainforest canopies. Our results suggest that 
the microbial communities associated with epiphytic plants may be more sensitive to 
physical conditions than was previously thought. Although sensitive to environmental 
changes, suspended soil microbial communities are able to adapt quickly to changing 
environmental conditions.  
Contrary to the predictions of traditional soil science, the microorganisms of suspended 
soils are likely to respond to physical conditions such as exposure to the air, regular wetting 
and drying, and throughflow of water. As a result of their ability to resist desiccation, fungi 
are likely to play major roles in the functioning of tropical rainforest canopies. In the 
following chapter, the likely importance of physical conditions for suspended soils is tested 
further by examining the suspended soil associated with a range of epiphyte types.  
Summary 
- Suspended soils are likely to be markedly different from those found on the ground. 
- Traditional predictors of microbial community composition and activity (nutrient 
addition and earthworm activity) were tested under simulated epiphytic conditions.  
- These did not explain the trends observed, with physical conditions experienced by 
epiphytes (leaching, water loss, drying and rewetting) likely to dominate.   
- Microbial communities resembled those collected from natural tropical ferns when 
kept under simulated epiphytic conditions.  
- Fungi in particular increase in their relative abundance, likely due to their tolerance 





Chapter 5 – The microbial communities of Amazonian 
suspended soils  





The rainforest canopy is home to a diverse community of plants (Gentry and Dodson, 
1987), with vascular epiphytes representing up to 35% of the vascular floral diversity of wet 
tropical forests (Nieder, Prosperí and Michaloud, 2001). The canopy environment they 
occupy is shaped by climatic extremes and nutrient limitation (Ozanne et al., 2003), and 
these pressures have led to a diversification of life strategies for nutrient acquisition and 
desiccation resilience (Benzing, 2008). Morphological and physiological adaptations of 
leaves and roots have resulted in forms which facilitate leaf litter impounding and the 
pooling of water, or which capitalise on atmospheric or invertebrate mediated delivery of 
nutrients (Janzen, 1974; Clark et al., 1998). 
 
While diverse in their nature, plant strategies to impound nutrients often result in the 
accumulation of organic matter in the form of a suspended soil. Although these soils are 
rarely considered in studies of ecosystem nutrient availability, due to their inaccessibility, 
and small mass relative to terrestrial soils, they provide an important base for much of the 
plant diversity associated with the canopy (Nadkarni et al., 2002). In addition to epiphyte 
associated suspended soils, organic matter can also accumulate between branches or in 
the cavities of trees (Remm and Lõhmus, 2011), and although not housing plants, these 
pools of nutrient rich material provide an important home for other organisms (Kitching, 
2000). Initial work has shown that suspended soils share some properties with the humus 
layer of the forest floor in terms of their soil chemistry and capacity to transform nutrients 
(Vance and Nadkarni, 1990; Nadkarni et al., 2002). Others point out that whilst similar to 
terrestrial soils in certain cases, the nutrient pools which form within suspended soils are 
determined by the inputs of the host tree (Cardelús et al., 2009; Hietz et al., 2002). 
As with their terrestrial counterparts, the decomposition of canopy organic matter will 
depend on the associated microbial community, yet little is known about the occurrence of 
these within suspended soils. Vance and Nadkarni (1990) found that microbial biomass and 
activity of canopy held soils differed from those on the ground, which led them to suppose 
the existence of a differing decomposer community. Initial studies of species diversity at 
the genetic level have demonstrated the relative importance of the rainforest canopy 
environment for fungi (Pittl et al., 2010), with others revealing high levels of undescribed 
bacterial species colonising the surface of leaves (Lambais et al., 2006). Such a knowledge 
deficit has led to calls for more studies exploring the prevalence of microorganisms within 
the canopy (Nakamura et al., 2017). 




Work in the previous chapter limited itself to the suspended soils associated with 
Asplenium nidus in the lowland rainforest of Borneo. Given these form large accumulations 
of suspended soils, and due to their relatively standardised composition, they provided a 
useful starting point for exploring the epiphytic effects on soil functioning. This work 
revealed the importance of the epiphytic nature of their suspended soils in determining 
microbial community composition (Donald et al., 2017a). However, it is not known how 
specific these findings are to Asplenium ferns, or whether such trends can be extended to 
describe microbial communities associated with other suspended soil types. Given that 
certain epiphytic plants differ markedly in their approach to nutrient acquisition, it is likely 
that these will contain a suspended soil microbial community distinct from other epiphyte 
types. Examples include orchids which are known to depend on obligate mutualisms with 
mycorrhizal fungi (Suárez et al., 2006), or bromeliads which derive their nutrients from 
organic matter inputs to phytotelm water tanks created by their leaves (Leroy et al., 2015). 
In order to explore the importance of epiphyte type in influencing microbial community 
composition, suspended soil samples were collected from the canopy of a 1.5 ha research 
plot within the Nouragues Nature Reserve in French Guiana. These included suspended 
soils not associated with epiphytes, and Asplenium serratum ferns of equivalent form and 
apparent function to Asplenium phylitidus ferns collected in Danum Valley described in the 
previous chapter. By comparing epiphyte soils with non-epiphyte soils, it was possible to 
determine the importance of epiphyte derived conditions in influencing microbial 
community composition. By comparing South American Asplenium microbial community 
composition with their Southeast Asian counterparts, it was possible to determine whether 
Asplenium ferns are consistent in their role as a harbour for biodiversity across continents. 
 
 





2.1 Field site details 
This work was conducted in the lowland rainforest of French Guiana, a territory 
characterised by 80% forest cover, with relatively little human disturbance. The Nouragues 
Nature Reserve encompasses an area of 1000 km2 (102 000 ha), surrounding an inselberg 
granite outcrop which reaches 430 m. These forests contain a high level of floral diversity, 
with over 1700 recorded angiosperm species (Sabatier, 1990; van der Meer, Peter J and 
Bongers, 1996). The reserve experiences average daily temperatures of 26 °C and rainfall of 
2861 mm per year (Réjou-Méchain et al., 2015). The region experiences two dry seasons 
with average rainfall of 100 mm per month; a longer dry season between September and 
October, and a shorter dry season in March. Fieldwork described here took place in 
September 2017.   
The reserve includes two permanent research stations administered by the CNRS, with this 
study conducted at the Pararé research station (4°02’ N., 52°41’ W) located on the Aratare 
tributary of the Approuague river (Figure 5.1). In addition to a research camp, the site 
consists of a 1.5 ha research plot equipped with a specifically designed ‘Canopy Operational 
Permanent Access System’ (COPAS). The COPAS was unfortunately under maintenance 
during the period of this study, but the fully inventoried research plot was nevertheless 
used to collect specimens.  
2.2 Sample collection 
Twelve trees and two lianas within the COPAS plot were surveyed for the presence of 
epiphyte associated suspended soils (Table 5.1). Trees were selected based on their 
feasibility for climbing, the visible presence of epiphytes, and to encompass species from a 
range of tree families. Trees were surveyed from the ground, firstly checking for damaged 
exposed roots or soil disturbance at the base, cavities, flaking bark or fungal growth on the 
trunk, and crown die back or stress points within the leaves and branches. Next, using a 
pair of binoculars, branches were surveyed for conspicuous bee’s nests, entanglement with 
vines and large epiphyte matts or wood rot. Trees with dead branches or with trunks 
obscured by thick vegetation closer to the ground were also avoided as these could make 
both line insertion and canopy access dangerous. Finally only trees with a trunk with a 
diameter at breast height (DBH) > 50 cm and with solid looking buttress roots were 
selected for climbing. 
 






Figure 5.1: French Guiana and the location of the CNRS Pararé Field Station within the Nouragues Nature 
Reserve.  




Anchor points were selected which would allow access to the upper canopy of each tree. A 
fishing line was fired over the branch, using the combination of a Big Shot catapult, a Petzl 
250 g weight and a fishing reel. Once positioned, so that the line passed only over the 
chosen anchor branch and was free of any entanglement in lower vegetation, a 6 mm 
thicker line was attached to the fishing line and hauled over the branch, which was then 
further used to haul in place 11 mm semi-static climbing rope. The climbing rope was then 
anchored to a tree on the ground, selected to have a DBH > 20 cm, with well-bedded roots.  
Following ascent into the tree crown using rope access techniques, epiphytes belonging to 
a range of orders and non-epiphyte associated suspended soils were located (Table 5.2), 
details of their height and orientation were noted, before they were cut from their 
supporting branches, and placed into sealed bags (Figure 5.2).  
Table 5.1: Trees sampled for epiphytes and associated suspended soils 
Tree Number Family Species 
1 Burseraceae Tetragastis sp 
2 Sapotaceae Micropholis sp 
3 Fabaceae Eperua falcata 
4 Lecythidaceae Eschweilera coriacea 
5 Sapotaceae Pouteria guianensis 
6 Lecythidaceae Lecythis persistens 
7 Anacardiaceae Anacardium spruceanum 
8 Fabaceae Eperua falcata 
9 Lecythidaceae Eschweilera coriacea 
10 Lecythidaceae Eschweilera coriacea 
11 Lecythidaceae Eschweilera coriacea 
12 Lecythidaceae Couratari oblongiflora 
13 Liana NA 
14 Liana NA 
 
Table 5.2: Epiphyte species and organic matter sampled for microbial community composition. 
Sub group Species n = 
Pteridophytes Asplenium serratum 7 
Araceae Philodendron sp1 3 
 
Anthrium sp2 3 
 
Ludovia lancifolia 4 
Bromeliaceae Aechmea aquilega  2 
 
Mezobromelia pleiosticha 2 
Orchidae Orchidae sp1 2 
Organic Matter NA 8 
 







Figure 5.2: Collecting a Philodendron, using single rope techniques. Photo: Celine Leroy. 
 




Samples were returned to the field camp, and epiphytes were identified to species level 
where possible, or were photographed for future identification. Root associated soils were 
removed from the epiphytes, and passed through a mesh of 0.5 x 0.5 cm. The sieved soil 
was then placed in paper bags, before being stored in dry ice with liquid nitrogen added to 
immediately reduce the temperature down to -80 °C. These were subsequently transferred 
to the EcoFog labs in Kourou, where they were freeze dried for 48 hours using an Alpha 1-2 
LD freeze drier. Upon their removal from the instrument, samples were ground down to a 
fine powder using a pestle and mortar. Samples were subsequently transferred to the 
University of the West of England, Bristol, where they were analysed using the PLFA 
method detailed in previous chapters. This produced not only a value of microbial biomass 
per sample, but also allowed for relative values of different PLFAs, resulting in metrics of 
microbial community composition. 
2.3 Data analysis 
In order to determine whether suspended soil type influences the amount of 
microorganisms present in a soil sample, an ANOVA (n = 31) was performed using statistical 
analysis software (R Core Team, 2013). The effects of soil origin on microbial community 
composition were tested through multivariate analysis of the PLFA profiles of each fern, 
using PRIMER version 7.0.13 with PERMANOVA+ (Clarke and Gorley, 2006). Suspended soil 
microbial community composition was characterised by the relative abundance of PLFAs, 
and ordinated using Principle Coordinate Ordination (PCO). The data were square root 
transformed and Bray-Curtis measures of similarity were calculated across ferns to 
determine their similarity. A cluster analysis based on group average was then used to 
visualise whether ordinated samples were similar to one another based on group averages. 
A PERMANOVA was performed on microbial community composition, using random 
permutations of the dataset. This determined whether tree family (n = 5, Table 5.1) and 
epiphyte subgroup (n = 5; Table 5.2) exerted significant effects on community composition.  
Suspended soils at the Nouragues (n = 31) were compared with 20 Asplenium phylitidus 
ferns collected in the understory of Danum Valley and 20 Asplenium nidus ferns stored in 
the nursery at the Eden Project (see chapter 4). PLFA profiles of samples from all three sites 
was visualised using a PCO, before the effect of sample location on microbial community 
composition was determined using a PERMANOVA. A cluster analysis based on group 
average was then used to test for significant similarity between ordinated samples. 





Comparison of total microbial biomass for each of the suspended soil types revealed no 
significant differences between soils of different origin (F4,27=1.067, p = 0.392; Figure 5.3). 
Analysis of PLFA profiles revealed that tree family (Pseudo-F5,31 = 1.28, p=0.232; Figure 5.4),  
epiphyte order (Pseudo-F7,31 = 1.95, p=0.057; Figure 5.3),  and their interaction (Pseudo-F6,31 
= 0.71, p=0.744) did not significantly modify microbial community composition. 
Furthermore, cluster analysis failed to separate certain epiphyte associated soils from 
others, suggesting a consistency in microbial community composition across suspended soil 
types (Figure 5.5). All non-epiphyte associated organic matter, Philodendron sp1 and 
Asplenium serratum soils were clustered together as having 90% similar microbial 
community composition.  Orchidae sp1 and Mezobromelia pleiosticha did not cluster with 
these other soils, but were instead distinct. 
When PLFA profile data from the Nouragues samples were combined with Eden nursery (n 
= 20)  and Danum Asplenium samples (n = 20), location of collection (Pseudo-F2,70 = 30.98, 
p=0.001) was significant in explaining variation (Table 5.4). Specifically, when referring to 
the PCO (Figure 5.6), suspended soils from the Nouragues and Danum overlapped, whilst 
soils from the Eden Project remained apart. 80% similarity envelopes generated from a 









Figure 5.3: Mean microbial biomass for each of the epiphyte groups collected from the Nouragues (n = 8, 7, 4, 
10, 2 respectively, ± SE).  
 
 
Figure 5.4: Ordination of PLFA profiles for each suspended soil based on Bray-Curtis similarity measures. Soils 



































Figure 5.5: Ordination of PLFA profiles for each suspended soil based on Bray-Curtis similarity measures. Soils 
are classed based on the genus of their associated epiphytes or are indicated as organic matter (OM) free of 




Figure 5.6: Ordination of PLFA profiles for each suspended soil based on Bray-Curtis similarity measures. Soils 
are classed based on their location of origin. Eden indicates 20 soil samples collected from A. nidus ferns kept 
under nursery conditions. Danum indicates 20 ferns collected from the understory of tropical rainforests. 
Amazon indicates the full range of canopy soils collected (n = 31), and described in figure 5.3 above. Dotted 
envelope displays 80% similarity determined by cluster analysis. 
































































































































































































































The accumulations of organic matter which occur in the canopies of trees provide a 
nutrient rich environment which is colonized by a microbial community adapted to the 
prevailing microclimatic conditions. Although likely to vary subtly in their composition as a 
result of differing inputs from either their host tree or epiphyte, suspended soils are 
primarily plant derived organic matter which can be decomposed by a community which is 
composed of the same principle microbial groups. 
Suspended soils forming in the same family of tree were not more similar to one another 
than those found in different trees. This is unexpected since other authors have stressed 
the importance of host tree in determining suspended soil nutrient status as a result of 
host tree foliar leaching and litter contributions (Cardelús et al., 2009; Hietz et al., 2002). As 
seen earlier in the thesis (Chapter 4), the analysis of PFLA profiles as a proxy for microbial 
community composition was sensitive to apparent changes in microclimate but not to the 
addition of nutrients to the system. Thus, microclimate experienced by the suspended soil, 
rather than the nutrient provision of host tree is likely a more important driver of microbial 
community assemblages. Although host tree has been shown to determine relative 
microclimatic conditions (Cardelús and Chazdon, 2005), and will determine the epiphytes 
which colonise that tree (Woods, Cardelús and DeWalt, 2015), here no influence on 
suspended microbial community is apparent.  
At the scale of the soil microbial community, microclimate will be much more susceptible 
to the moisture retention capabilities of the associated epiphyte or position of the organic 
matter. Epiphytes and organic matter accumulations in the canopy have been shown to 
promote cooler humid conditions allowing organisms to persist in an otherwise variable 
environment (Scheffers et al., 2014; Senior et al., 2017). In a study exploring microbial 
diversity of suspended soils using artificial soil microcosms, Wardle et al. (2003) found that 
the size of the simulated suspended soil significantly influenced microbial community 
composition, with larger agglomerations of soil containing less diverse microbial 
communities. 
Although not statistically significant, the microbial communities of certain epiphyte groups 
appear to differ from those of others. In particular, Asplenium serratum, Philodendron sp1 
and the non-epiphyte associated organic matter are 90 % similar to one another, whilst 
other epiphyte types display much greater variation. Both these species produce a mass of 
fine roots which build up as the plants grow, and thus have mass of external roots which 




buffer the temperature of internal soils. Organic matter which builds between tree 
branches is similarly likely to allow soils adjacent to the tree branches to pool water. 
Other species of Araceae, such as Anthrium and Ludovia produce thicker roots which 
spread across tree branches and trunks to anchor the plant in place (Benzing, 2008). 
Although soil accumulates in the interstices of these plant roots, the layer is always 
relatively thin, and as such less able to accumulate a layer which would buffer temperature 
and humidity.  
Certain species of bromeliad only produce roots to anchor themselves to branches, and are 
able to take up nutrients across their absorptive foliar surfaces. The tanks they form 
contain a highly active decomposer community, causing fast decomposition of litter by 
extracellular enzymes and rapid transformation of nitrogen forms (Inselsbacher et al., 
2007). Aechmea, unlike Mezobromelia still uses its roots to absorb nutrients from the 
surrounding canopy soils and does not have absorbent trichomes on its leaves (Leroy, 2017 
pers. comm.). This could explain the high variation in microbial community observed for 
Achemea associated suspended soils, in comparison to Mezobromelia. However, it is 
acknowledged that the small sample size presented here makes any conclusions on the 
subject difficult to justify.  
Epiphytic orchids attach to the surface of branches with velamen-coated roots exposed to 
the atmosphere from which they absorb airbourne nutrients (Madison, 1977). In addition, 
numerous epiphytic orchids are known to associate with mycorrhizal fungi (Rasmussen and 
Rasmussen, 2009), which will thus have a strong influence on the prevailing microbial 
community within associated suspended soils. This can help to explain why the sampled 
orchids here differ in their microbial composition in comparison with others collected.  
In spite of relative shifts in the proportion of different microbial groups, microbial biomass 
did not differ significantly across epiphyte types. Microorganisms are able to colonise 
suspended soils and persist across all soil types. Microbial biomass in the suspended soils 
collected at the Nouragues is consistent with the average microbial biomass of Asplenium 
ferns collected from the rainforest canopies of Borneo, averaging at around 80,000 ng /g of 
dry soil. This relative consistency in biomass suggests that suspended soils in general are 
able to support a microbial community at a certain density under the relatively consistent 
conditions of tropical canopies across the globe. 




Similarly, when comparing canopy soils originating from the Amazon with those collected 
from Asplenium ferns in Borneo, microbial community assemblages which occur here are 
more similar to one another than to a soil composed of a roughly equivalent volume and 
organic matter consistency, associated with a plant but stored under non epiphytic 
conditions. As found in chapter 4, the conditions experienced by suspended soils in the 
canopy are likely to shape their microbial community to a relatively high level.   
Although consisting of a relatively small sample size, the data presented here demonstrate 
the trends which may determine microbial communities at a larger scale within rainforest 
canopy habitats. The relative ability of epiphytes to buffer suspended soils against regular 
drying and rewetting, and the strategies of these plants to accumulate nutrients will 
determine the assemblage of the microbial community. Given the understudied nature of 
this habitat, such information provides the necessary initial steps prior to more thorough 
studies of canopy soils. This chapter demonstrates that the physical conditions associated 
with suspended soils and their host epiphytes are likely to have driven the assemblage of 
suspended soil microbial communities. The following chapter will further investigate the 
role of biotic interactions in suspended soil. Specifically, this chapter will explore the 
impacts of natural invertebrate communities on the decomposition of suspended soil 
organic matter, using the methods described in chapters 2, 3 and 4. 
Summary 
- Suspended soils occur in association with epiphytes in addition to non-epiphytic 
habitats such as within the forks of branches. 
- The microbial community associated with these are likely to be adapted to the 
conditions created by this accumulation of organic matter. 
- The microbial communities of four epiphyte orders and non-plant associated 
suspended soils were determined. 
- Host tree did not significantly influence community composition. 
- Certain epiphyte genera, namely orchids and bromeliads, displayed a trend towards 
a differentiated microbial community. 
- Other epiphyte microbial communities did not differ significantly from that found 
associated with tree holes. 
- Canopy soils from the paleo- and neotropics have similar microbial biomass and 





Chapter 6  – Invertebrate diversity and decomposition in bird’s 
nest ferns





Tropical forests exchange more carbon dioxide with the atmosphere than any other 
vegetation type and, thus, form a crucial component of the global carbon cycle (Pan et al., 
2011). Soils in particular are known to comprise a significant proportion of rainforest 
carbon stocks (van Straaten et al., 2015). The rate of decomposition and cycling of carbon 
within the soil body, and its eventual respiration into the atmosphere is controlled in part 
by the composition of the organic matter inputs and environmental conditions (Cusack et 
al., 2009; Davidson and Janssens, 2006). Whilst plant and microbial contributions to CO2 
are often quantified, the role of animals in this process requires better characterisation 
(Schmitz et al., 2014). This is particularly important given their role as intermediaries in the 
decomposition of organic matter (Petersen and Luxton, 1982; Seastedt and Crossley, 1984). 
Macro-fauna such as earthworms and termites transform soils through bioturbation and 
resource redistribution (van Groenigen et al., 2014), whilst meso-fauna such as springtail 
and mites exert strong shifts by grazing on the microbial members of the food web (Mikola 
and Setälä, 1999; Hättenschwiler, Tiunov and Scheu, 2005).  
Given their importance for a range of functions across ecosystems, a loss of these species 
will have significant ecological consequences (Ozanne et al., 2003; Yang and Gratton, 2014), 
although data on invertebrate extinction remains lacking. Extinction of soil organisms is 
projected to increase as a result of human land use changes (Veresoglou, Halley and Rillig, 
2015), with losses of total invertebrate biomass also likely (Hallmann et al., 2017). The 
likelihood of extinction increases with body size across a range of organisms (Johnson, 
2002; Cardillo et al., 2005; Olden, Hogan and Zanden, 2007; Gill et al., 2009; Rule et al., 
2012; Sallan and Galimberti, 2015). This is due to their position of such organisms at higher 
trophic levels, and at lower densities in relation to smaller species (Brose et al., 2017). 
Given that body size has also been shown to correlate with functional role in an ecosystem 
(Riede et al., 2011; Otto, Rall and Brose, 2007; Digel, Riede and Brose, 2011), the 
vulnerability of certain soil organisms translates into a loss of their functional contribution 
to their ecosystem (Schneider et al., 2012). The complexity of these systems makes 
attempts to understand the interactions amongst different trophic levels difficult to 
quantify (Fierer, 2017). Whilst traditional microcosm experiment performed in laboratories 
have demonstrated the role which invertebrates play in the stimulation of microorganisms 
(Cragg and Bardgett, 2001), their application to larger ecosystems is limited. 




Canopy soils comprise a significant portion of the above ground biomass of tropical 
rainforests, and represent an enriched source of nutrients in an otherwise nutrient poor 
environment (Cardelús et al., 2009). Invertebrates colonise these suspended soils in high 
numbers (Nadkarni and Longino, 1990; Paoletti et al., 1991; Basset, 2001), in particular 
within epiphytes (Richardson, 1999; Ellwood, Jones and Foster, 2002). The litter processing 
detritivores of the suspended soil community release nutrients for plant use (Benzing, 
2008), whilst others cycle nutrients through microbial grazing, predation and the 
defecation of frass (Winchester et al., 2003). Given the high numbers of these occurring in 
a relatively small volume of suspended soil (Ellwood, Jones and Foster, 2002; Ellwood and 
Foster, 2004), they are likely to be important in driving canopy soil carbon cycling. The 
naturally forming microcosm associated with epiphytic bird’s nest fern has been proposed 
as an ideal vehicle for testing theories surrounding ecological communities. The 
invertebrate community inhabiting these ferns is composed of a detritivore community 
which is markedly similar to that found on the forest floor. As such, the manipulation of 
this invertebrate community, in a similar fashion to the construction of artificial 
communities in laboratory microcosm experiments, can reveal the role of this community 
in an otherwise completely natural ecosystem. 
The use of litter bags, standardised quantities of a known leaf litter isolated by a mesh bag, 
has long been employed as a mechanism to determine invertebrate contributions to 
organic matter decomposition (Bradford et al., 2002; Donald et al., 2017b). However, this 
method can be criticised as an oversimplification of decomposition to a simple loss of mass 
(Boulton and Boon, 1991), and for focusing on invertebrate driven decomposition with little 
concern for the role of microorganisms (Kampichler and Bruckner, 2009). The method also 
provides little information on the subsequent stages of carbon cycling within the soil matrix 
and beyond. The use of isotopically enriched leaf litter can overcome this issue (Hood‐
Nowotny and Knols, 2007). Quantification of isotopes provides a more precise measure of 
remaining carbon in comparison to the weighing of partially decomposed leaf litter. In 
addition, the sampling of isotopes in subsequent components of an ecosystem can reveal 
the passage of elements from their enriched source to subsequent sinks. Trophic transfer 
of fatty acids from primary decomposers to higher levels of the soil food web, increasingly 
used to demonstrate dietary routing, has now been demonstrated for the soil micro-fauna 
(nematodes), meso-fauna (springtails) and macro-fauna (earthworms) (Ruess et al., 2002; 
Chamberlain et al., 2005; Sampedro, Jeannotte and Whalen, 2006).  




Due to their high levels of biodiversity, invertebrate communities inhabiting rainforest soils 
have been reported to express high levels of functional redundancy, where a reduction in 
the number of species does not influence rates of functional processes (Ewers et al., 2015). 
In order to quantify this for invertebrate decomposers, and to explore the impacts of 
extinction on decomposition, a largescale manipulative experiment was established. Taking 
advantage of their role as natural microcosms, bird’s nest ferns were used to determine the 
role of invertebrates in the decomposition of carbon. The decomposition of isotopically 
enriched carbon leaf litter in epiphyte associated suspended soil was determined under 
manipulated levels of invertebrate diversity. It was hypothesised that as with terrestrial 
soils, although invertebrates would contribute to decomposition, it would be in the 
stimulation of microbial activity rather than the direct effects of the invertebrates 
themselves. To test this assumption, the passage of enriched carbon into the tissues of 5 
different invertebrate species was tested, in order to determine their incorporation of 
carbon.  
2. Methodology 
2.1 Fern collection  
Bird’s nest ferns (Asplenium spp) were collected from within the Marsh grid trail system 
adjacent to the Danum Valley Field Centre in Sabah, Malaysian Borneo. A transect of 1.5 
km was walked by two people, and the location, height, support structure, diameter and 
longest leaf length of each fern was recorded. Ferns with a diameter greater than 110 cm 
and below 6 m in height were considered suitable for collection, with the final selection 
chosen at random. 64 ferns were selected, cut from their support, and returned to the field 
centre where they were kept in the nursery for two weeks, protected from herbivory and 
direct sunlight by shade netting. In order to maintain standard conditions during storage, 
the ferns were rotated so that each received as equal a dose of rain and sun as possible. 
Prior to microcosm preparation, fern root balls were submerged in water containing 
detergent in order to remove any remaining insects. 
2.2 Microcosm preparation 
Six large Asplenium nidus ferns were collected from two trees of the same species 
(Peltophorum pterocarpum) in an open area adjacent to the field centre. The green leaves 
were cut from the root ball, whilst the dead fern leaves and the remaining structure were 
cut into smaller chunks using a hand saw. This organic matter was then passed through 
sieves measuring 5 x 5 cm and 1 x 1 cm before being homogenised. The resulting fine soil 




was air dried before being kept in a freezer for 72 hours to reduce soil microbial biomass as 
much as possible. The remaining coarse material was kept aside. 
In order to monitor the cycling of carbon within the microcosm, a sample of 13C enriched 
leaf litter was prepared, as described in chapter 3. This consisted of 0.7 g of 2:1 ratio 
Wheat: Maize litter, cut into strips of less than 1 cm in length. The litter was added to 50 
cm3 of fine fern soil, before being homogenised, and sealed into a 10 x 15 cm bag. In order 
to control levels of insect diversity accessing this soil and litter, these bags were made of 4 
different materials (fine cotton, and nylon mesh measuring 1.2 mm, 5 mm, and 1 cm). In 
total, 16 bags were produced for each material type. These bag types will be referred to as 
Control, Small, Medium and Large treatments respectively (Figure 6.1).  Control bags were 
sealed with cotton thread whilst all other treatments were sealed with 0.55 mm nylon 
fishing wire. Bags were put into the freezer to kill any remaining insects within the 
soil/litter mix, and to halt any microbial activity prior to use. 
A 20 cm diameter pot was lined with green 2 mm nylon fishing net, with a mesh size of 1.5 
x 1.5 cm. The base and sides of this net lined pot were then lined with coarse fern material, 
before approximately 20 cm3 of fine soil was added. Next, one of the soil/litter bags was 
added so that it lay horizontal to the base of the pot. Another 20 cm3 of fine soil was added 
before a fern was placed on top. Using a draw string, the neck of the fishing net material 
was tightened and sealed around the base of the fern leaves, so that the packed soil 
material was tightly contained. In total 64 of such fern packages were prepared, 16 of each 
treatment type (Figure 6.2). 




Figure 6.1: Four bags each containing a mixture of 20 cm
3
 of fine fern soil with 0.7 g of 
13
CO2 leaf litter. From 
bottom left clockwise these are large, medium, small and control. The sealed medium can only be accessed by 
insects of a size smaller than the excluding mesh. 





Figure 6.2:  A) Standardised soil with enriched leaf litter is sealed into one of four treatment bags; B) A  20 cm 
diameter pot is lined with fishing net  which is then packed with coarse fern soil.  The treatment bag is 
positioned within, before it is coated with a further layer of fine soil; C) A fern is placed above this treatment 
bag and fine soil and the net is sealed around the base of the fern stems; D) The fern package is attached to a 
branch at the top of a tree. Figure by Tom Fox.




2.3 Tree selection and line insertion 
Eight Parashorea tomentella (Symington) Meijer (Dipterocarpaceae) trees were selected in 
the forests adjacent to the field centre along both the ‘Nature’ and ‘Orchid’ trails, with a 
minimum distance of 70 m separating each tree and a maximum of 600 m. This meant that 
trees were far enough away from each other to avoid pseudo replication if tree was to 
influence canopy soil processes, but close enough to minimize differences in environmental 
conditions. P. tomentella is an emergent tree, meaning that its upper branches rise above 
the canopy of adjacent trees. The exposed nature of the tree branches meant that they are 
exposed to the same climate as that experienced in other trees, rather than the 
microclimate created lower in the enclosed canopy (Figure 6.3). It also meant that any litter 
fall which was captured by the fern microcosm would only be from the host tree.  
Canopy access was performed using methods outlined in chapter 5, with tree selection 
performed to confirm feasibility of climbing and branch access. For increased safety, two 
lines were secured in each tree, so that one line could act as a climbing line, the other as a 
back-up safety attachment. Ropes were then anchored on the ground to two separate 
trees, selected to have a DBH > 20 cm, with well-bedded roots.  
After being hauled to the top of the tree, two fern packages were attached to each of four 
branches, with a total of eight ferns per tree (Figure 6.4). The branches selected were the 
lowest of the upper canopy, so that they had the greatest level of canopy cover, whilst still 
being higher than any of the surrounding trees. The height of these lowest branches ranged 
from 24 m for some trees to 58 m for others. The position of ferns on the four branches 
was randomised, so that on a single branch there was never more than one of each 
treatment type (Figure 6.5). Ferns were placed into trees between 13th - 15th of December 
2015 and 9th - 11th of January 2016. 






Figure 6.3: A Parashorea tomentella tree used for installation of the experiment. Two climbers are shown 
positioning the experimental microcosms at approximately 52 m above the forest floor. Photo: Unding Jami.
  













2.4 Fern collection 
The experimental ferns were collected in two batches, with half collected after six months 
and the remaining half after 12 months (July 2016 and January 2017 respectively; Figure 
6.5). Ferns were accessed as previously, using rope access techniques. The condition of the 
fern was noted and a photo of each fern was taken. One fern of each treatment type was 
collected from each tree, with each of these coming from a separate branch (see Figure 
6.5). The attaching ropes were cut and the whole fern was placed into a large opaque 
plastic bag which was then sealed, but which allowed for visual inspection for any 
potentially dangerous invertebrate specimens within trying to escape. The ferns were then 
lowered to the ground, and taken back to the lab for processing. 



























































































































































































































2.5 Sample collection 
In the lab, ferns were removed carefully from their bags, with care taken to capture every 
emerging organism. The external fish netting was cut and the soil and root matter were 
opened and dissected. All large invertebrates were caught using flexible pincers and 
immediately placed in 75% ethanol. The larger chunks of root matter were broken apart to 
check for beetle larvae, or centipedes which tended to remain immobile until disturbed. 
The 10 x 15 cm bag containing the soil under treatment was visually inspected before being 
placed to one side.  
Invertebrates were isolated from the fern soil body using litter sifters and Winkler 
apparatus (Krell et al., 2005). All of the soil and root material was transferred to a litter 
sifter, which consists of a funnel of tightly woven cotton, with a 1cm mesh separating an 
upper and lower chamber. The soil matter was placed in the upper chamber, before being 
sieved and shaken for a period of 3 minutes. This resulted in the transfer of the majority of 
smaller invertebrates along with fine soil to the lower chamber. The soil collected in the 
lower chamber of the litter sifter was shaken into 0.75 cm mesh bags above a bucket, and 
this was repeated until as much soil as possible was held in place. This mesh bag was then 
sealed within a fine cotton structure which tapers into a funnel with a pot of 75% ethanol 
at the base. The soil bag was left to dry for a period of three days, which results in the 
invertebrates within attempting to find more moisture, but ultimately falling into the 
ethanol. The pot containing the ethanol and invertebrates was removed, and 
approximately 60 cm3 of the dry soil was transferred to glass vials, which were 
subsequently put into the freezer and freeze dried. This is referred to as external soil, i.e. 
within the fern but external to the treatment bag. 
The coarse root matter which did not pass through the litter sifter to the second chamber 
was then resorted, with each chunk of roots picked apart and all remaining invertebrates 
placed into ethanol. Invertebrates from the three pots of ethanol were all combined, so 
that one pot of invertebrates was prepared for each fern. 
The treatment bag was visually inspected to check for damage, before being cut open. The 
soil within was inspected for any invertebrates larger than the treatment mesh. The soil 
was then transferred to 20 ml glass vials, which were subsequently frozen. This soil will 
subsequently be referred to as internal (i.e. within the treatment bag). Soil samples were 
transferred to the Forest Research Centre at Sepilok, where they were freeze dried for 24 
hours using an Alpha 1-4 LSC freeze drier. 




2.6 Invertebrate sorting 
Invertebrates were removed from their ethanol, before being sorted to order level using a 
stereo microscope. The most abundant decomposer orders were identified to recognisable 
taxonomic unit (RTU), comprising cockroaches (Blattodea), woodlice (Isopoda), earwigs 
(Dermaptera), millepedes (Diplopoda), and springtails (Collembola). Whist earthworms 
( Oligochaeta) were sampled and sorted, they were of relatively low abundance and so 
were not considered as key decompsers in this study. Mites (Acari) are highly cryptic, 
making capture with these methods, and identification to OTU difficult, and as such these 
too were left out of further analysis. Given their high abundance and tendency to dominate 
resource use in leaf litter habitats (Griffiths et al., 2017), and noted interactive effects with 
soil microbes (Del Toro, Ribbons and Ellison, 2015), ants (Formicidae) were also sorted to 
RTU. This resulted in a database of presence / absence of every RTU, in addition to their 
abundance per fern. For each individual, body length and width were measured using a 
graticule. For ants, where numbers of individuals would have made measuring all 
specimens unfeasible, 5 individuals from each caste present per species were measured, 
and average dimensions were calculated and used for the remaining unmeasured 
specimens. Body length was used to calculate invertebrate biomass within ferns using 
allometric equations (see section 2.8.3). 
In order to determine invertebrate diversity impacts on soil carbon decomposition, a 
further dataset was prepared.  For each fern, the hypothetical invertebrate community of 
the fern’s internal treatment bag was determined based on size measurements of all the 
invertebrates present within the fern microcosm. The body width of each identified 
specimen was used to determine their ability to access the soil within the treatment bags 
and thus contribute to decomposition. Ferns with the control treatment had an 
invertebrate community of zero individuals, ferns with the small treatment only included 
individuals with a width less than 1.2 mm, medium with individuals with a width less than 5 
mm, and large with individuals with a width less than 1 cm. 
2.7 13C enrichment of soil and invertebrates 
Samples of soil were taken from within their experimental exclusion (n = 55; two mesh 
exclusion bag contained no soil upon collection) and external to the sample was collected 
(n = 57). Following freeze-drying, the soils were ground into a fine powder using a pestle 
and mortar, and a sub sample of approximately 10 cm3 was placed into a sterile glass vial.  
Invertebrates were sampled for their enrichment in order to determine their resource use. 
Representatives from one species for each of Chilopoda (n = 4), Isopoda (n = 8), Blattodea 




(n = 8), Diplopoda (n = 8), and Formicidae (n = 8) were selected so that samples were 
collected from a fern with either a control treatment (no access to13C) or from a large 
treatment (unrestricted access to 13C). Once removed from their ethanol storage, these 
were freeze-dried, and ground down to a fine powder using a pestle and mortar before 
being transferred to a sterile glass vial.  
Soil and invertebrate samples were then sent to the NERC Stable Isotope Analysis Facility, 
at the Centre for Ecology and Hydrology in Lancaster. Here, samples were dried, weighed 
and analysed using the techniques outlined in chapter 3 in order to determine their levels 
of 13C enrichment.  
2.8 Statistical analysis 
2.8.1 Effects of competition in structuring fern communities 
In order to analyse the effect of invertebrate community structure on decomposition, it 
was necessary to characterise invertebrate community structure itself. Competition is likely 
to determine the assemblages of invertebrates inhabiting ferns, and co-occurrence analysis 
can determine its relative importance (Ellwood, Manica and Foster 2009). Co-occurrence of 
species within ferns was analysed by constructing null models, comparing observed 
communities with statistical randomizations of the observed data. Here, analysis was 
performed using the complete invertebrate community dataset, rather than the dataset 
constructed which determined access to the treatment bags based on size. As such, the 
calculated C score accounted for natural colonization rates rather than manipulated ones.   
The EcoSim program (Gotelli and Entsminger, 2008) was used to simulate 5000 random 
matrices for each analysis, which were then compared with the observed fern community 
data. The C-score co-occurrence index was used as a measure of species assembly (Stone 
and Roberts, 1990). This measures the average number of checkerboard units (presence of 
one species = absence of another species) between all possible pairs of species in a co-
occurrence matrix. The number of checkerboard units for each species is calculated as: 
 CU = (ri - S)(rj - S) 
where S is the number of shared sites, containing both species, and ri and rj are the row 
totals for species i and j. The C-score is the average of all possible checkerboard pairs, 
calculated for species that occur at least once in the matrix. Communities structured by 
competition would have an observed C-score greater than that expected by chance, as 
simulated using the same dataset. 




EcoSim’s default randomisation algorithm was used, where the sums of the matrix rows 
and columns are fixed, in order to maintain the same number of species and number of 
samples as the observed data. This algorithm has a low chance of falsely rejecting the null 
hypothesis (Type 1 error), but has a good power for detecting non-random patterns. The C-
score of the entire dataset of 57 ferns was determined, before data was separated by 
month of collection (6 or 12 months), and then further by two subgroupings of 
invertebrates: the decomposers (cockroaches, woodlice, millipedes, earwigs and 
springtails) and the ants. 
2.8.2 Effects of habitat on fern communities 
In order to control for the effects of experimental set up, fern collection location (Nature 
versus Orchid trail), host tree, and treatment type were analysed using PRIMER version 
7.0.13 with PERMANOVA +. Ordination of the complete fern invertebrate communities (i.e. 
all invertebrates occurring in ferns as opposed to the treatment size filtered species list) 
was used to visualise the effects of these factors on fern invertebrate communities. 
Community data were transformed to presence absence data due to the high numbers of 
social insects (Longino, 2000), before Bray-Curtis measures of similarity were calculated 
across ferns. A principle coordinates ordination (PCO) was then performed to visualise the 
distance between communities. Following visual inspection, a PERMANOVA was conducted 
to determine whether tree, month, trail and treatment and their interactions significantly 
determined community composition, following the model design outlined in table 6.1. 
Because of the lack of 12 month samples for tree 7, it was removed from analysis. 
Table 6-1: PERMANOVA design to test the effects of habitat set up on fern invertebrate community 
composition 
Factor Nested Type Levels 
Month - Fixed 2 
Trail - Random 2 
Tree Month, Trail Fixed 7 









2.8.3 Effect of community composition on soil carbon decomposition 
Δ13C values for soil samples were calculated by subtracting δ13C values of each sample from 
the δ13C value of a soil sample which contained no labelled leaf litter. The effect of 
treatment on Δ13C values for internal and external soils after 6 and 12 months were tested 
using a 2-way ANOVA.  
After assessing the role of treatments, analysis was performed using invertebrate species 
lists compiled for each fern based on the exclusion potential of their treatments (see 
section 2.6). Fern invertebrate community biodiversity was characterised for each fern by 
total abundance, number of species, Simpson’s diversity index and biomass. Biomass was 
calculated using allometric equations which use regressions to convert the body length of 
different invertebrate groups to their dry body mass (Rogers, Hinds and Buschbom, 1976; 
Schoener, 1980; Richardson et al., 2000).  
A general linear model was then constructed using Rstudio (R Core Team, 2013), in order to 
determine if biodiversity influenced bulk carbon decomposition within fern exclusion 
treatments (n = 56). Specifically, the role of a range of invertebrate biodiversity factors in 
determining the enrichment of the internal soil sample for each fern was modelled.  This 
gave the following model : 
Soil Δ13C ~ Month of sample collection + Number of Species + Abundance + Simpson Index +             
Biomass of Blattodea + Biomass of Isopoda + Biomass of Formicidae + Total Invertebrate 
Biomass. 
Using a stepwise approach, AIC categories were used to select the model which best 
explained variation. This approach removed factors which were auto correlated.  










3.1 Invertebrate species abundance and biomass 
In total, 26,695 individual invertebrates were sampled in the 57 ferns collected. More 
information on the different orders is presented in appendix 1. Across all sample times, 
ferns contained on average 10.3 species of invertebrate, made up of 5.5 species of 
decomposers, and 4.8 species of ants (Table 6.1; Figure 6.6). The number of invertebrates 
and their cumulative biomass in ferns increased over time. The number of ant and 
decomposer species, and their cumulative biomass increased between 6 and 12 months 
(Table 6.1; 6.7). Calculations of biomass revealed average fern invertebrate biomass of 
599.18 mg, when excluding one fern which had an ant colony calculated to weigh 15013.98 
mg alone (Table 6.2).  
Table 6-2: Mean number of species and biomass for decomposers (Blattodea, Isopoda, Diplopoda, 
Dermaptera) 
 Decomposers Ants Cumulative 
Month 6 12 6 12 Total 
Average 
Species 
4.9 5.53 4.13 5.57 10.32 
SE 2.76 3.54 1.73 2.75 4.94 
Average 
Biomass 
143.78 185.31 156.3 697.9 599.18 
SE 51.35 47.95 45.58 312.14 155.42 
 
 3.2 Effects of competition in structuring fern communities 
Community composition of invertebrates inhabiting ferns was determined by competitive 
interactions when assessed based on co-occurrence of species. Calculation of C-scores 
revealed that sampled ferns were experiencing segregated species co-occurrence. The C-
score of observed ferns differed significantly from the randomised communities simulated 
using the null model (p<0.0001, Figure 6.8a), with c-scores significantly greater than those 
from random communities. The C-score of fern communities did not differ significantly 
from randomised communities after 6 months (p=0.86, Figure 6.8b), but was significantly 
greater than these after 12 months (p<0.0001, Figure 6.8c). In order to determine whether 
both social insects such as ants, and the decomposer community were structured by 
competition, C-scores were calculated for these groups after 12 months. Both ant 
(p=0.0006, Figure 6.8f) and decomposer (p=0.002, Figure 6.8g) communities had C-scores 
significantly greater than expected by chance.   
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Figure 6.8: Histogram of C-scores from 5000 simulated random communities, each based on the co-
occurrence of arthropod species among ferns, with the placement of the observed C-scores shown as arrows, 
with red arrows significantly different from those when communities are assembled at random. (a) 
Homogeneous set at time zero (all 57 ferns) Obs > Sim, p<0.0001; (b) Ferns collected after 6 months Obs > 
Sim, P = 0.859; (c) Ferns collected after 12 months Obs > Sim, p<0.0001; (d) Ants within ferns after 6 months; 
(e) Decomposers within ferns after 6 months; (f) Ants within ferns collected after 12 months Obs > Sim 
p=0.0006;(g) Decomposers within ferns after 12 months Obs > Sim, p=0.002.   
.




3.3 Effects of habitat on fern communities  
Principle coordinates ordination based on Bray-Curtis similarity measures of invertebrate 
communities clearly show separation of fern invertebrate communities as a result of the 
trail they were collected from, however, the importance other factors is less clear (Figure 
6.9). PERMANOVA confirmed the significant effects of Trail (Pseudo-F1,54=4.23, p<0.01), 
Month and Trail (Pseudo-F1,54=2.46, p<0.01) and Tree (nested by Month and Trail; Pseudo-
F10,54=2.41, p<0.01). Treatment did not significantly contribute to initial invertebrate 
colonization of the ferns, confirming the validity of experimental set up, where treatment 
only aims to modify invertebrate access to enriched carbon leaf litter.  
Table 6-3: Results of PERMANOVA examining the effects of habitat on fern invertebrate communities. 
Source df Pseudo-F P(perm) 
Month 1 1.2281 0.343 
Trail 1 4.2303 0.001 
Month x Trail 1 2.4577 0.002 
Tree(MonthxTrail) 10 2.4049 0.001 
Treatment(Tree(MonthxTrail)) 40 1.431 0.21 
Total 54   
 


































































































































































































































3.4 Soil carbon enrichment across treatments 
Both month (F1,49=13.55, p<0.005) and treatment (F3,49=13, p<0.005) significantly influenced 
the enrichment of internal samples. There was no significant effect in their interaction 
(F3,49=0.16, p=0.921). Enrichment of samples decreased over time, from six to twelve 
months. The effect of treatment was explored further with Tukey’s HSD post hoc tests. 
These showed that control treatments had significantly higher levels of enrichment than 
small (p = 0.012) medium (p <0.001) and large (p <0.001) treatments, but these did not 
differ significantly between themselves (Figure 6.10a).  
External soils displayed enrichment. Although there was no significant difference between 
treatments or between 6 and 12 months, a trend in increasing enrichment can be observed 
as treatment size increases (Figure 6.10b). 
3.5 Carbon enrichment of invertebrates 
Across all invertebrate groups, regardless of the access of invertebrates to enriched carbon 
leaf litter, no significant enrichment took place (Table 6.2; Figure 6.11). 
Table 6-4: Mean δ 
13
C enrichment of invertebrate tissues when either excluded or able to access enriched leaf 
litter. (n = 4, except for centipedes where n = 2) 
 
No Access to 13C Access to 13C 
 
Mean SE Mean SE 
Centipede -26.96 0.15 -26.12 0.47 
Woodlice -25.26 0.58 -25.96 0.89 
Cockroach -25.43 0.84 -26.61 0.25 
Millepede -25.06 1.07 -26.10 0.91 
Ant -26.85 0.34 -27.08 0.33 
 
3.6 GLM of soil carbon enrichment with measures of invertebrate diversity 
Construction of a GLM excluded total invertebrate abundance per fern (t value = 1.48, Pr = 
0.15), and total invertebrate biomass per fern (t value = 0.54, Pr = 0.62), as not significant in 
explaining changes in bulk soil carbon enrichment (Table 6-5). Under a reduced model 
based on AIC values, time at which ferns were collected (t value = -3.05, Pr = 0.004), the 
number of species (t value = -3.773, Pr < 0.001) and the Simpson Diversity Index (t value = -
2.568, Pr = 0.013) were significant in parameterising the variance associated with soil 
carbon enrichment.  The biomass of Isopods is also retained as explaining variation in 13C, 
inversely showing a weak positive relationship with enriched carbon in the soil (Table 6-5). 




Table 6-5: GLM values for factors contributing to the Δ
13
C enrichment of internal soil samples. The complete 
model retains all factors, whilst the reduced model only contains factors retained following stepwise 
elimination of non-significant factors based on AIC values.  
 
Complete Model Reduced Model 
 
t pr t pr 
Month -2.718 0.001 -3.05 0.004 
Simpson -2.622 0.012 -2.568 0.013 
Abundance 1.398 0.168 
  Species -3.408 0.001 -3.773 <0.001 
BM_Blat -0.338 0.737 
  BM_Iso 1.872 0.067 2.126 0.03 
BM_Formi -0.689 0.494 
  BM_Total 0.54 0.619 
    
Figure 6.12 presents the relationship between number of species and the δ13C enrichment 
of soil samples within the exclusion treatment bags, which are significantly correlated 
(Pearson’s correlation t = -4.737, p < 0.001). As number of invertebrates within the soil 
increases, the amount of enriched carbon in the soil decreases. 
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Figure 6.11: δ13C enrichment of invertebrates collected from experimental microcosm ferns. No significant 
differences in enrichment occur between the δ
13
C values of samples that either had or did not have access to 








C enrichment of soil samples taken from within treatments contained within individual fern 
microcosms (n = 55). The number of species per fern presented here are determined by excluding specimens 
too large to access treatment bags, based on measurements of their width. Plotting these based on their 
assigned treatment demonstrates how certain ferns which have a more constraining treatment (i.e. small) 










































































Number of Species 
Control Small Medium Large
Chilopoda            Isopoda    Blattodea            Diplopoda         Formicidae 




       4.      Discussion 
The unique nature of the bird’s nest fern allows us to gain insights into the relationship 
between invertebrate biodiversity and ecosystem functioning, in particular due to the 
ability to completely sample the invertebrate community occupying this microcosm. The 
results presented here confirm that epiphytic ferns are an important resource for canopy 
invertebrates, supporting a large number of individuals (Ellwood, Jones and Foster, 2002; 
Ellwood and Foster, 2004), structured by both competition and position within the canopy 
(Ellwood, Manica and Foster, 2009; Ellwood et al., 2016). By controlling for these levels of 
diversity, the experiments go on to show that a decline in invertebrates measured in terms 
of the number of species or with the Simpson’s diversity index, results in significant 
increases in the decomposition of organic matter. Given the nutrient limited nature of 
canopy ecosystems, invertebrate mediated decomposition will contribute to nutrient 
cycling within epiphytic suspended soils.  
Canopy invertebrate communities are known to exhibit temporal variation, either as a 
result of abiotic seasonal shifts in climate (Janzen and Schoener, 1968; Pearson and Derr, 
1986; Kitching and Arthur, 1993; Schowalter and Ganio, 1999), or due to changing biotic 
interactions such as during leaf production events (Basset, 1993). Here, fern invertebrate 
community structure is dominated by the dynamics of colonization. Over time, ferns 
differed significantly in their composition, experiencing increasing colonization. The 
average number of species within ferns increased from 4.9 to 6.3 for decomposers and 4.1 
to 5.6 for ants between 6 and 12 months. This is more striking when revealed in terms of 
biomass, which trebles between 6 months and 12 months. 
Such an increase in the number of invertebrates inhabiting a fern will result in an increase 
in their competition for both resources and space with one another. This is confirmed by 
looking at the C-score, based on the mutual exclusion of species. At 6 months the presence 
or absence of species is no different from that of a community arranged at random, but this 
is not the case after 12 months. Here, for both the ants and the decomposers, community 
structure was determined by competitive interactions, with species segregation becoming 
more common.  
In addition to changes over time, the assemblages of invertebrates within ferns were also 
determined by both the host tree and the area of forest within which the tree was located. 
Ferns within the same tree had assemblages that were more similar to one another than in 
adjacent trees. Similarly, trees adjacent to one another held ferns with invertebrate 




communities that were more similar to one another than communities that were in trees 
located further away. This demonstrates that colonization of ferns occurs at a local scale, 
with recruitment of species operating at the tree level. Many insect species are known to 
be specialists, associating with a certain species of tree, and such specialists can make up 
around 10% of all species found in the canopy (Mawdsley and Stork, 1997). This results in 
tree trunks having specific invertebrate assemblages that are distinct from other parts of 
the forest (Walter et al., 1998).  
An initial look at carbon enrichment of soils after 6 and 12 months demonstrates a decline 
in 13C within the fern soils over time. When directly comparing the treatment bags, it was 
found that although treatment (i.e. the exclusion of invertebrates to varying degrees) was 
significant in determining 13C enrichment, post hoc tests revealed that differences lie 
between the control versus the remaining three treatments. An initial interpretation of this 
result could be that whilst the presence of invertebrates does influence rates of carbon 
decomposition, those smaller than 1.2 mm (small treatment) are driving these processes. 
The addition of invertebrates greater than 1.2 mm (medium) or 5 mm (large) to the 
community does not significantly increase rates of decomposition. This would support the 
idea of functional redundancy within the decomposer community in the context of this 
experiment. Essentially, the decomposition of carbon is linked with the abundance of 
smaller invertebrates, regardless of the abundance of larger invertebrates. 
Oribatid mites would fall within this category, representing a dominant component of 
rainforest canopy invertebrate communities (Walter and Behan-Pelletier, 1999), and being 
abundant in the bird’s nest ferns of subtropical Australia and Japan (Walter et al., 1998; 
Karasawa and Hijii, 2006). Whilst oribatid mites were found to be present in numerous 
ferns when sampling, they did not occur in particularly high numbers (see appendix 1). 
Although the Winkler technique for arthropod extraction used here has been shown by 
Ward (1987) to capture 98% of invertebrate species and 85% of individuals from a sample, 
it is perhaps better suited to leaf litter rather than chunks of epiphyte roots. Sampling of 
the smallest members of the invertebrate community, such as mites and springtails may 
have proved to be less effective, although it is acknowledged that no sampling method of 
canopy arthropods is perfect (Basset, 2001).  
However, the interpretation of results at this level fails to acknowledge that invertebrates 
colonizing ferns were not determined by the treatments, which will have only excluded 
them from the treatment bags within the fern. A fern containing a ‘Large’ treatment bag 




applied did not necessarily host a community of invertebrates with many larger 
invertebrates than a fern containing a ‘Small’ treatment bag. By measuring the dimensions 
of invertebrate specimens, it becomes possible to construct communities of invertebrates 
which will have been able to directly access the labelled carbon. Whilst it is acknowledged 
that invertebrates of dimensions smaller than the treatment mesh may not have ever 
entered the treatment bags, this approach gives the best information as to the potential 
contribution of the invertebrate community to decomposition, strengthened by 
subsequent measures of the enrichment of the invertebrates themselves. Plotting the 
number of species within a fern able to access the enriched leaf litter against the δ13C 
enrichment of soil reveals the overlap in treatments (Figure 6.12). PERMANOVA analysis 
demonstrates that treatment did not significantly influence the assemblage of 
invertebrates which colonized the fern mesocosms, which means that no a priori bias has 
predetermined the subsequent constructed communities based on invertebrate 
dimensions and their exclusion by treatment. Further analysis is performed on a fern by 
fern basis, with values of species diversity, abundance, and their cumulative biomass 
determined from the constructed communities taking precedence over the treatment 
which will have shaped these for each fern. GLMs demonstrate that within ferns, soil 
enrichment was significantly influenced by the timings of fern collection but also by the 
number of species present. Interestingly, neither abundance nor total biomass were found 
to be significant in determining rates of carbon decomposition. This suggests that the fern 
environment depends on a range of invertebrate species to promote decomposition, rather 
than a simple high number or biomass of a select few species.  
Whilst a decline in biodiversity is accepted to create a knock on reduction in functioning 
(Cardinale et al., 2012), the relationship is not simple or linear but is instead inconsistent 
across studies (Schläpfer and Schmid, 1999; Reiss et al., 2009). Although an increase in 
species within a fern’s invertebrate community resulted in increased decomposition, the 
mechanisms which result in this are less obvious here. The conversion of soil organic 
matter by insect detritivores and other soil mesofauna occurs as a result of the physical 
shredding, digestion and subsequent processing of the resulting particulate organic matter 
by soil microbes (Yang and Gratton, 2014). Others have found suppression of invertebrate 
communities results in a reduction in decomposition rates, but this will interact with abiotic 
controls such as temperature (Wall et al., 2008), or nutrient availability (Barantal et al., 
2012). This in turn is likely as a result of the interacting effects of invertebrate communities 
on soil microorganisms.  




Smaller invertebrates may modify fungal and bacterial populations by grazing on these 
organisms (Fountain and Hopkin, 2005), whilst larger more mobile invertebrate 
decomposers are known carry significant quantities of fungal spores (Moore, Walter and 
Hunt, 1988), creating hotspots of microbial activity (Maaß, Caruso and Rillig, 2015). Indeed, 
the passage of microorganisms on the cuticle of invertebrates inhabiting bird’s nest ferns 
was illustrated by Kurihara et al. (2008). Invertebrates are known to further influence 
nutrient cycles as a result of their foraging (Longino, 1986) and nest building activities 
(Farji‐Brener and Ghermandi, 2000).  The relative importance these invertebrate mediated 
processes can be envisaged as two potential scenarios, which can be distinguished by 
examining the 13C enrichment of the invertebrates themselves. If invertebrates are 
primarily influencing decomposition by directly consuming the enriched organic matter or 
by grazing on microorganisms and stimulating their activity, we would expect their tissues 
to be enriched. Alternatively, if it were primarily the presence, movement and activity of 
invertebrates within the system stimulating microbial activity, invertebrate tissues would 
not display enrichment. Given that no enrichment was observed in the sampled 
invertebrate specimens, this second scenario appears more likely. Instead, the increased 
movement of organic matter and microorganisms by invertebrates would result in the 
movement of enriched carbon within the soil body. A trend in soil enrichment external to 
the treatment bags may support this hypothesis. Those soils adjacent to treatments 
supporting invertebrate movement (large, medium and small) experience minute increases 
in enrichment in comparison to treatments where invertebrate movement is restricted 
(control).   
Invertebrates are thus likely to be stimulating microbial decomposition of carbon. The 
following chapter will examine in detail shifts in microbial community using the same 
experimental set up. This will allow for an analysis of their contribution to decomposition 
under varying levels of invertebrate diversity, an area of soil ecology largely unexplored 
(Bardgett, Freeman and Ostle, 2008; McGuire and Treseder, 2010).  
 
Summary 
- Rainforest soils are significant reservoirs of global carbon stocks.  
- Decomposition and cycling of carbon is influenced by the soil invertebrate 
community, although these face the threat of extinction.  
- 64 fern microcosms were placed in a rainforest canopy, with half collected after 6 
months and the remaining half after 12 months. 




- Simulated extinction of larger invertebrates and a reduction in invertebrate species 
diversity resulted in decreases in soil organic matter decomposition. 
- Invertebrates collected from within the experimental ferns did not display isotopic 
enrichment. 
- Microorganism mediated decomposition is likely to be stimulated by the movement 





Chapter 7  - Microbial diversity and carbon decomposition 
under varying levels of invertebrate diversity





Soil microbial communities are some of the richest on the planet in terms of species 
diversity and their interactions with the wider ecosystem (Fierer, 2017). Understanding the 
patterns and processes that structure their communities is of great importance if the 
implications of this complexity for soil ecosystem functioning are to be determined 
(Orgiazzi et al., 2016). Although ecological theory suggests positive relationships between 
biodiversity and ecosystem functioning (Balvanera et al., 2006), it is not known how this 
applies to the soil food web, in particular across a range of hierarchical trophic levels (De 
Graaff et al., 2015).  
Suspended soil microbial communities in particular are poorly understood (Nakamura et 
al., 2017). Work presented in chapter 4 showed that the physical conditions experienced by 
suspended soils associated with epiphytes influenced both microbial enzyme activity and 
community composition to a greater extent than the activity of earthworms or the addition 
of a dose of nitrogen. Nevertheless, work presented in chapter 6 demonstrated how in 
suspended soils colonized by a more diverse invertebrate community, rates of 
decomposition of organic matter were higher. Since microorganisms are known to 
dominate rates of decomposition (Swift, Heal and Anderson, 1979), it seems likely the 
increase in invertebrate diversity found in the experimental fern microcosms had an 
interacting effect with the microbial community found within the soil, a relationship 
recorded in other studies (Cragg and Bardgett, 2001).  
Through their catabolic activity, microorganisms decompose and ultimately mineralise 
organic matter to CO2, in addition to producing microbial metabolites that contribute 
directly to organic matter formation (Rubino et al., 2010). The quantification of these major 
carbon fluxes is difficult to achieve due to the intrinsic complexity of the decomposition 
process and the limitations of the prevailing technical approach, i.e. litterbags, widely used 
to measure litter mass loss and calculate litter decay rates (Gholz et al., 2000). By tracing 
the enrichment of microbial biomass or sub components such as PLFAs produced during 
the decomposition of isotopically labelled organic matter, it becomes possible to determine 
to what extent different elements of the microbial community contribute to decomposition 
(Evershed et al., 2006; Rubino et al., 2010). When coupled with an experiment 
manipulating levels of invertebrate decomposers, this becomes a powerful technique to 




determine the influence of invertebrate diversity on microbial contributions to carbon 
cycling at the ecosystem level.  
This thesis set out to demonstrate the relationship between the biodiversity and ecosystem 
functioning within the brown food web across multiple tropic levels. This chapter explicitly 
tests this relationship by determining the contributions of microorganisms to 
decomposition under varying levels of invertebrate diversity. This is achieved using the 
bird’s nest fern microcosm experiment detailed in the previous chapter, and the tracing of 
13C into the PLFAs of the microbial community. The findings presented provide a robust and 
quantifiable measure of this multi-trophic relationship, advancing an area currently poorly 
understood (Bardgett, Freeman and Ostle, 2008; McGuire and Treseder, 2010). Crucially, 
the findings described below demonstrate a tangible link between levels of invertebrate 
diversity within a soil, rates of microbially driven decomposition, and processing of carbon 
through an ecosystem. 
2. Methodology 
2.1 PLFA extraction 
The microbial communities of suspended soils under varying levels of invertebrate diversity 
were determined using the experimental set up described in the previous chapter. In 
summary, 64 fern microcosms were prepared using standardised soils, each of which 
contained a treatment mesh bag enclosing a known quantity of 13C enriched leaf litter 
within an otherwise standard soil mix. The ferns were collected in two batches after 6 and 
12 months of suspension in a rainforest canopy, at which point 7 of the microcosms were 
missing, resulting in a sample size of 57 ferns. Samples of soil were taken from within their 
experimental exclusion (n = 55; two mesh exclusion bag contained no soil upon collection) 
and external to the sample was collected (n = 57). Soils collected were frozen and freeze 
dried, before their transfer to the lab for analysis. Methods of PLFA analysis, described in 
detail in previous chapters were used to determine relative abundance of PLFAs. The 
results of soils collected from the fern microcosms were compared with PLFA extracts 
taken from samples of the baseline soil (n = 3) which was used at the start of the 
experiment to construct the microcosms. The microbial biomass of each sample was 
expressed as nanograms of PLFAs per gram of dry soil.  
2.2 Determining enrichment of PLFAs 
Rates of microbially mediated decomposition under varying levels of invertebrate diversity 
were determined by examining the 13C enrichment of their tissues. The assimilation of 13C 




into the microbial community was examined by analysing the PLFA extract of fern soil 
samples collected after 6 months (n = 44, 20 from internal samples, 24 from external 
samples). Gas Chromatography-Combustion-Isotope Ratio Mass Spectrometry (GC-C-IRMS) 
was performed at the NERC Stable Isotope Analysis Facility at the University of Bristol. 
Although the 12 month samples were extracted for PLFA analysis, technical issues at the 
stable isotope facility prevented analysis of the 12 month samples at the time of thesis 
submission. GC-C-IRMS analyses of PLFAs were carried out using a ThermoFinnifan Delta 
Plus XL IRMS (electron ionisation, 100 eV electron voltage, 1 mA electron energy, 3 Faraday 
cup collectors m/z 44, 45 and 46) linked to a Hewlett Packard 6890N GC via a 
ThermoFinnigan version 3 combustion interface with a copper oxide and platinum catalyst 
maintained at 850 °C. Isotope ratios were then calculated using Isodat 3.0 (Thermo Fisher 
Scientific, Waltham, MA, USA). δ13C values for each PLFA peak were converted to Δ13C  by 
subtracting fern soil values from a known reference sample of non 13C enriched soil 
collected in Hawaii (Maxfield, pers. com). 
2.3 Statistical analysis 
Changes in soil microbial biomass between 6 and 12 months, and comparing internal with 
external soil samples were determined using a two way ANOVA. Differences in microbial 
community composition were tested through multivariate analysis of the PLFA profiles of 
each soil sample, using PRIMER version 7.0.13 with PERMANOVA+ (Clarke and Gorley, 
2006). Fern soil microbial community composition was characterised by the relative 
abundance of PLFAs. The data were square root transformed and Bray-Curtis measures of 
similarity were calculated across ferns to determine their similarity. The effects of each 
month of sample collection, treatment, or host tree on microbial community composition 
were tested using random permutations of the dataset. Specifically, a PERMANOVA was 
used to determine whether month, treatment, or tree influenced the PLFA profile of soil 
samples for both internal and external samples.  
Rstudio was used for subsequent analysis (R Core Team, 2013).  Two-way ANOVAs were 
used to test the effects of treatment (control, small, medium and large), sample position 
(internal or external) and their interaction on Δ13C enrichment of individual PLFAs extracted 
from soils collected after 6 months. General linear models (GLMs) were constructed to 
determine the effects of invertebrate diversity on Δ13C enrichment of individual PLFAs. As 
described in the previous chapter, the invertebrate community for each fern was 
determined by sorting all specimens to RTU, compiling a species list, and then removing 
those individuals whose body width will have prevented them from accessing the labelled 




leaf litter within the treatment bags. Once species lists were compiled, measures of the 
number of species, their abundance, Simpson’s diversity index, and measures of total 
invertebrate biomass (for the groups Blattodea, Diplopoda, Isopoda, Formicidae) were 
determined. The effects of these factors on the enrichment of the PLFAs extracted from 
internal soil samples were analysed (n = 20). Full models were constructed for each, before 
a stepwise process of factor elimination was performed to remove non-significant factors 
based on their AIC values, and significance at p = 0.05.  
3. Results 
3.1 Microbial community structure 
The soil collected after six months in the canopy displayed a much higher microbial biomass 
that that used for the preparation of experimental microcosms (Figure 7.1). However, a 
two-way ANOVA revealed that month of collection (6 and 12 months; F1,106 = 0.95, p = 
0.33), soil sample position (internal and external; F1,106 = 0.08, p = 0.78), and their 
interaction (F1,106 = 0.44, p = 0.51), were not significant in explaining soil microbial biomass 
variation. In order to determine the effects of treatment on biomass, a further two-way 
ANOVA was performed on both internal and external soil samples separately. For internal 
samples, month (F1,45 = 1.32, p = 0.26),  treatment (F3,45 = 1.44, p = 0.24), and their 
interaction (F3,45 = 0.16, p = 0.92) were not significant. For external samples, month (F1,49 = 
0.05, p = 0.82),  treatment (F3,49 = 0.99, p = 0.41), and their interaction (F3,49 = 0.09, p = 0.96) 
were not significant. Instead, total microbial biomass appeared to be consistent in space 
and time. 
PERMANOVA revealed that for both internal and external soil samples, tree, month of 
collection, and the treatment applied did not influence microbial community composition 










Table 7.1: PERMANOVA results for fern microbial community composition 
External Soil df Pseudo-F P (perm) 
Tree 7,56 3.58 0.15 
Month 1,56 4.56 0.29 
Treatment 3,56 2.38 0.23 
Tree x Month 6,56 2.86 0.17 
Tree x Treatment 19,56 2.32 0.18 
Month X Treatment 3,56 1.04 0.57 
Tree X Month X Treatment 16,56 1.95 0.27 
    
Internal Soil df Pseudo-F P (perm) 
Tree 7,54 0.82 0.72 
Month 1,54 1.98 0.42 
Treatment 3,54 0.49 0.85 
Tree x Month 6,54 1.22 0.54 
Tree x Treatment 19,54 0.82 0.68 
Month X Treatment 3,54 1.46 0.45 
Tree X Month X Treatment 14,54 0.55 0.85 
 






Figure 7.1: Average microbial biomass of soil associated with the fern microcosms over time. Prior to 
microcosm suspension (time 0, n = 3), soils had a relatively low microbial biomass. After 6 months, average 
biomass had increased to four times as much per gram of soil. Soils sampled from within exclusion 
treatments and adjacent to them did not differ in their average biomass. Soils collected after 12 months did 





































Figure 7.2: PCO ordination of fern microbial communities using relative abundance of PLFAs. PCOs a, c and e 
show soils collected external to experimental treatments, whilst b, d and f show internal samples. The effects 
of month of collection (a, b), treatment applied (c, d) and tree from which ferns were positioned (e, f) on 
ordination are displayed. 




3.2 Enrichment of PLFAs after 6 months 
Detection of Δ13C enrichment of PLFA peaks taken from both internal and external samples 
after six months revealed the relative contribution of different members of the microbial 
community to decomposition and carbon assimilation (Figure 7.3). Mean enrichment of 
PLFAs was not correlated with their mean microbial biomass (Figure 7.4), suggesting that 
different members of the microbial community were assimilating carbon at different rates. 
In order to determine the effects of the position within ferns from which soil was collected, 
and the treatment applied on microbial carbon assimilation, a two-way ANOVA was 
performed (Table 7.2). Position was consistently significant in explaining levels of 
enrichment, whilst treatment was only significant for PLFAs i15:0, cy19:0, 18:1ω7, 19:0. The 
interaction of treatment and position was significant in explaining the enrichment of PLFA 
peaks i15:0, i16:0, 12Me16:0, 16:1ω7c, cy19:0, 18:1ω7, 19:0.  PLFAs with significant 
treatment effects are plotted in Figure 7.5. 
Table 7-2: ANOVA comparing the effect of treatment (C,S,M,L) and sample position (internal and external) on  
Δ
13
C enrichment of PLFAs. 
 
Treatment Position Treatment x Position 
 
df F p df F p df F p 
14:0 3,22 0.13 0.94 1,22 25.43 <.001 3,22 0.67 0.58 
i15:0 3,36 6.73 <.001 1,36 95.19 <.001 3,36 7.91 <.001 
a15:0 3,21 0.68 0.58 1,21 25.38 <.001 3,21 0.53 0.67 
i16:0 3,32 1.24 0.31 1,32 40.77 <.001 3,32 2.99 <0.05 
16:0 3,36 0.89 0.46 1,36 24.89 <.001 3,36 0.54 0.66 
16:1ω11 3,26 1.55 0.23 1,26 14.08 <.001 3,26 0.79 0.51 
12Me16:0 3,22 0.67 0.58 1,22 47.54 <.001 3,22 6.16 .003 
16:1ω7c 3,21 0.26 0.85 1,21 39.78 <.001 3,21 3.73 0.03 
10Me16:0 3,13 1.07 0.40 1,13 7.98 0.01 3,13 1.02 0.39 
18:0 3,36 0.78 0.52 1,36 13.40 <.001 3,36 0.22 0.89 
cy19:0 3,15 4.01 0.03 1,15 73.38 <.001 3,15 12.53 <.001 
18:1ω9 3,36 1.92 0.14 1,36 26.91 <.001 3,36 1.51 0.23 
18:1ω7 3,34 5.96 .002 1,34 56.91 <.001 3,34 6.40 <.002 
18:2 3,36 1.40 0.26 1,36 13.57 <.001 3,36 0.96 0.42 
19:0 3,32 6.72 .001 1,32 55.22 <.001 3,32 6.14 <.002 





Figure 7.3: Mean Δ
13
C enrichment of soil microbial PLFAs collected from fern internal samples after 6 months 
(n =44). Error bars indicate SE.  
 
Figure 7.4: Mean PLFA microbial biomass of soil collected from fern internal samples after 6 months (n = 44). 








































































































































































































































Figure 7.5: Mean δ
13
C enrichment of a selection of six PLFA peaks under four treatments of invertebrate 
access to 
13
C enriched leaf litter (C = control, S = small, M = medium, L = large). Samples were collected from 


































































































































































3.3 Effects of species diversity on 13C enrichment of PLFAs 
GLMs varied in their inclusion of different explanatory factors, with Simpson’s diversity 
index, the number of species, and the biomass of isopods retained as significant variables in 
explaining the Δ13C enrichment of numerous PLFAs (Table 7.3). Biomass of Diplopoda and 
Blattodea were rejected from all models as not contributing significantly to variation of 
PLFA enrichment. A small sample size of enrichment for the PLFAs i17:0, a17:0 and cy19:0 
meant that the GLMs produced were invalid. For numerous PLFAs, a negative regression 
can be seen between enrichment and invertebrate diversity. As species increase in number, 
the relative Δ13C enrichment of microorganisms declines. 
Table 7-3: GLM values for factors contributing to the Δ
13
C enrichment of PLFAs. Data presented reveals which 
factors were retained for each model, whilst text shaded in bold are those factors which are significant at the 
0.05 threshold. 
PLFA Simpson Abundance Species BM-Isopoda BM-Formi 
 
t p t p t p t p t p 
14:0 
      
1.84 0.09 





a15:0 -2.6 0.04 1.54 0.15 
      i16:0 
    
-1.77 0.10 
    16:0 -1.75 0.10 
    
2.07 0.05 
  16:1ω11 -2.43 0.03 
    
2.50 0.03 
  12Me16:0 
  
-1.78 0.10 -2.28 0.04 
  
1.60 0.14 
16:1ω7c -1.51 0.17 -1.39 0.20 -3.05 0.02 1.89 0.10 2.12 0.07 
10Me16:0 -2.54 0.04 





18:1ω9 -2.04 0.06 
        18:1ω7 
    
-2.91 0.01 
    18:2 
    
-1.59 0.13 
    19:0 
    
-2.36 0.03 
    





By using the bird’s nest fern as a model system and by sampling across multiple trophic 
levels, this chapter has shown that not only do invertebrates stimulate the breakdown of 
carbon contained within organic matter, but that in doing so they also increase the 
throughput of this carbon into the microbial community, and its eventual transfer to the 
larger soil matrix and atmosphere. By using a quantifiable measure of isotopic enrichment 
of PLFAs, this work presents a novel demonstration of the relationship between the 
functioning of one taxonomic level and the biodiversity of another. 
These findings differ from those of other experiments which removed key taxonomic 
groups from soil food webs, but which demonstrated relatively little change when 
measuring soil functions such as soil respiration, aboveground net primary production, and 
net ecosystem production (Ingham et al., 1985; Liiri et al., 2002). In particular, by 
demonstrating a relationship between invertebrate species diversity and microbially 
mediated decomposition, the work presented here strengthens the case for species 
diversity effects on decomposition that was until now only parameterised in artificial 
microcosms (Cragg and Bardgett, 2001; Mikola, Bardgett and Hedlund, 2002).  
In order to begin to understand the importance of invertebrate diversity in stimulating 
decomposition, it was first necessary to determine the effects of the experimental set up in 
influencing microbial community composition. The fern soil microcosms quickly 
experienced an increase in microbial biomass following their installation into the canopy. 
Such an increase is likely as a result of the favourable conditions for growth within the 
suspended soil environment, but also as a result of microbial colonization from other areas 
of the canopy. Dispersal within rainforest canopies is difficult to measure (Ackerman, Sabat 
and Zimmerman, 1996; Murren and Ellison, 1998). Distinct air currents and boundary layers 
within and around the ferns will result in the deposition of varying amounts of fungal 
spores and bacteria over time (Aylor, 1999; Jacques, Kinkel and Morris, 1995). This may 
explain why ferns within the same tree did not contain microbial communities more similar 
to one another than that of ferns collected from different trees. 
Instead, the composition of microbial communities did not differ significantly across the 
scale of sample site within a fern microcosm, across different treatment types, across a 
range of ferns, or in different trees when measured over time using PLFA profiles. This 
result can best be explained by findings earlier in the thesis (Chapter 4), where it was 




shown that physical conditions experienced by epiphytic suspended soils were of great 
importance in determining the community composition of microorganisms. Given that the 
experiment set out to standardise environmental conditions across ferns, it follows that all 
soils in the experiment experienced conditions similar enough to host microbial 
communities not significantly different in their composition across the board. 
Although community composition did not differ across sampled soils, the functioning of 
this community, when measured as 13C enrichment of PLFAs, was found to vary 
significantly. PLFAs displayed different levels of 13C enrichment relative to one another 
after six months of exposure to enriched leaf litter, suggesting that certain constituents of 
the microbial community will assimilate decomposed carbon at greater rates than others. 
Microorganisms adapted to capitalize on labile carbon will appear more enriched earlier on 
during the decomposition of organic matter, whilst those adapted to break down 
recalcitrant carbon such as that stored in lignin will display enrichment later (Sinsabaugh et 
al., 1999).  
Microorganisms found in close proximity to the enriched leaf litter unsurprisingly displayed 
significantly greater levels of enrichment than those from soils external to the treatment 
bags. Nevertheless, enrichment of microorganisms outside of the treatment bags did occur. 
This could be as a result of the leaf litter and thus enriched carbon leaving the treatment 
bags due to the passage of rainwater, or physical displacement as a result of the 
bioturbation of the invertebrate community. The presence of enriched carbon in fern soils 
adjacent to control treatments, where invertebrate passage and thus transport of 13C was 
not possible, suggests the additional movement of carbon by other means, such as the 
passage of microorganisms themselves and their enriched metabolites. However, when 
looking at treatments where invertebrate access was facilitated (small, medium and large), 
a trend towards a relative increase in microbial enrichment exterior to the treatment bags 
is observable. Whilst not significant, this does support the notion that invertebrates have a 
role to play not only in the decomposition of carbon, but in its transfer to other areas of the 
soil body. As discussed in the previous chapter, analysis at the treatment level may mask 
existing differences in invertebrate species diversity and occurrence in the soil, which occur 
regardless of treatment. The invertebrate community able to access a small treatment bag 
in one fern may contain an assemblage of species of a similar size contained in a large 
treatment bag in another fern, due to the initial colonization of the fern microcosm 
remaining unaffected by the treatment bag itself. By focusing subsequent analysis on the 
soils within the treatment bags, and by characterising each fern based on actual measures 




of diversity, recordings of microbial enrichment can be parameterised with much greater 
precision.  
When exploring the role of invertebrate biomass in determining microbial enrichment, only 
isopods showed any effect of statistical significance in explaining variations in PLFA 13C 
enrichment. Whilst acting as key members of the decomposer community, and thus 
potentially inducing increased rates of carbon transfer from leaf litter to the microbial 
community, they only appear as significant in explaining enrichment for a single PLFA. Thus 
the biological significance of this relationship is perhaps of less importance.  
Rather than abundance, it was the number of invertebrate species which was important in 
explaining microbial 13C enrichment. Higher invertebrate diversity ferns contained a 
microbial community with lower PLFA 13C enrichment. When taken at first glance, this 
result suggests that rates of decomposition of 13C are higher when there are fewer 
invertebrate species present, given that more of this 13C is now present in the 
microorganisms. However, when coupled with the data presented in the previous chapter, 
a more complete interpretation of this result can be made. Previously, it was found that 
soil samples (as opposed to just their extracted PLFAs) from ferns containing more 
invertebrates contained less 13C, demonstrating the positive influence of invertebrate 
species diversity on decomposition. As such, the presented results for 13C enrichment of 
PLFAs in this chapter can instead be interpreted as displaying a lag in reflecting rates of 
decomposition. It is likely that the rate of decomposition of carbon and its incorporation 
into microbial communities is accelerated in high invertebrate diversity soils, whilst the 
same levels of incorporation occur at a slower rate in low diversity soils. When sampled, 
although appearing to have incorporated less carbon, the microbial community from ferns 
with high invertebrate diversity are likely to have processed the 13C labelled litter at an 
accelerated rate such that the peak 13C signal detected in PLFAs had already passed at 6 
months when sampled for analysis (Figure 7.6). The microbial community from a low 
invertebrate diversity fern meanwhile, has taken longer to decompose the 13C labelled 
litter, and upon sampling, PLFAs are highly enriched (Figure 7.6). 





Figure 7.6: The 
13
C enrichment of two hypothetical microbial communities in experimental bird’s nest ferns. A 
fern with high invertebrate diversity (Blue) experiences high levels of enrichment early on, before a decline 
as non-enriched carbon replaces 
13
C within the cell walls. A fern with low invertebrate diversity (Red) takes 
more time to become highly enriched in 
13
C.  When sampled at time point n, high invertebrate diversity ferns 
(blue) display lower enrichment than low invertebrate diversity ferns (red).  
 
 




To answer to the central question of this thesis, which asks if invertebrate biodiversity 
within the brown food web contributes to microbial functioning in the form of 
decomposition, this study demonstrates clearly the interaction between these trophic 
levels. Although further experimental work is required to confirm the hypotheses posed by 
these initial findings, it is likely that the presence of invertebrates results in a reduction in 
carbon within decomposing organic matter through the stimulation of the microbial 
community. This inter-trophic interaction within the brown food web not only increases 
rates of decomposition, but ultimately the assimilation and eventual respiration of carbon 
from the soil body.  
Summary 
- Soil is known to be a huge reserve of global carbon. 
- The cycling of this carbon within the brown food web is not well understood, in 
particular the interaction between invertebrates and microorganisms. 
- Microbial community composition was not influenced by microcosm host tree, time 
of collection, or application of treatment bags. 
- Microbial uptake of carbon was dependent on the number of species of 
invertebrates within the fern microcosm. 
- More invertebrate species within a soil increased the rates of carbon uptake, 




Chapter 8  – Concluding remarks and synthesis




The work presented in this thesis aimed to increase our understanding of the multi-tropic 
relationships which exist in the brown food web. In particular, to reveal the relationship 
between the invertebrate biodiversity of an ecosystem, and the corresponding shift in 
microbial community composition and functioning in the context of decomposition. 
Although ecological theory suggests positive relationships between biodiversity and 
ecosystem functioning, it is not known how this applies to the soil food web, in particular 
across a range of hierarchical levels. By using the bird’s nest fern as a natural microcosm, 
the work has also expanded our understanding of how this ecosystem functions, and of the 
role of microorganisms within suspended soils in general. 
Chapter 2 presented the analysis of soil composition within the Eden Project Rainforest 
Biome. Although the primary aim of this work was to acquire the skills necessary to later 
work on the bird’s nest fern natural microcosm, the resulting data proved useful in 
advancing our understanding of the functional capacity of an artificial soil. In doing so, it 
contributed to an area of the field of restoration ecology where knowledge is lacking, that 
of soil health in a tropical milieu. Firstly, this work showed that at the Eden Project, in spite 
of low levels of invertebrate abundance and diversity relative to true rainforests, 
invertebrates were contributing to decomposition of soil organic matter. Secondly, it 
showed that soil microbial community composition and enzyme activity responded to shifts 
in soil abiotic conditions, namely pH and organic matter content. From a soil management 
perspective, this work was able to highlight the importance of regular mulch applications to 
the soil body in promoting soil microbial activity and subsequent nutrient cycling. Whilst 
this is well known for agricultural soils, the work presented here was unique in 
demonstrating these trends in artificial technosols under tropical conditions. In particular, 
the trialling of methods pointed to the strengths and weaknesses of methodological 
approaches such as the use of litterbags and enzymes assays as tools for use in future 
attempts to characterise suspended soils.  
Chapter 3 outlined the approach taken to complement the development of ground based 
soil analysis methods with the application of these methods to a canopy soil context. The 
developed ‘fernarium’ platform is a tool that can be used for future studies of epiphyte 
ecology under simulated rainforest canopy conditions. In particular, this chapter revealed 
the fruitful nature of enriched isotope analysis as a method for measuring microbial 
contributions to decomposition in a suspended soil.   




Chapter 4 presented a temporal study of epiphyte associated suspended soils under 
treatments of nutrient addition and earthworm activity. In particular, this aimed to 
determine whether ‘traditional predictors’ of terrestrial soil microbial community 
composition and activity were as relevant to suspended soils in rainforest canopies. Whilst 
other studies have shown that the addition of inorganic nitrogen from the atmosphere 
modifies soil microbial community composition, the work conducted here showed that 
nutrient addition had no significant effect on either microbial community composition or 
the activity of microbially produced enzymes. Another factor known to influence 
extracellular enzyme production is the presence of organisms such as earthworms, which 
increase the availability of nutrients to microbes through soil mixing or bioturbation. In a 
suspended soil context, earthworms also had no effect on microbial community 
composition or on soil enzyme activity. Unlike soils on the ground, the extreme shifts in 
temperature and moisture experienced by canopy soils will result in a microbial community 
adapted to the rigours of the canopy environment. It follows that these factors will 
outweigh the effects of traditional predictors of microbial community dynamics. 
Fungi in particular were found to increase in their relative abundance in fern soils as they 
dried out, likely as a result of their ability to transfer water through networks of hyphae, 
thus allowing them to survive regular wetting and drying. This was confirmed when 
comparing simulated fern microbial communities with those collected from bird’s nest fern 
soils from lowland rainforest canopy. Such work increases our understanding of how 
microbial communities are likely to be structured in the canopy, with physical conditions an 
important factor in determining the relative abundance of micro-organisms such as fungi. 
Chapter 5 extended the scope of the thesis in exploring the role of suspended soils other 
than those associated with Asplenium ferns in supporting microbial communities. By 
sampling five different species of epiphyte in the canopy of a tropical rainforest, in addition 
to non-epiphyte associated suspended soils, the work was able to reveal whether the 
findings of chapter 4 had a wider application. Contrary to the findings of others who 
focused on soil chemistry, the role of host tree in shaping canopy soil microbial community 
was not significant. When comparing the microbial biomass contained in each suspended 
soil type, it was found that these were consistent in spite of the differing nature of their soil 
formations. Soils supported a microbial biomass which was comparable to those detected 
in epiphytic ferns in Danum Valley, Malaysia. PLFA profiles were also largely consistent 
across suspended soil types, although a trend towards differentiation appeared for one 
species of bromeliad and one species of orchid. These findings suggest that in spite of 




differences in plant material inputs, and potential differences in the form of the epiphytes 
and their roots, the suspended soil types contained a community that did not vary when 
measured at the level of PLFA profiles. As with previous findings, it appears that microbial 
community structure is influenced by the epiphytic nature of the soil, and its suspension in 
the canopy. Comparison of epiphyte associated suspended soils from the Nouragues with 
those collected from Asplenium ferns from Danum Valley and from the Eden Project 
revealed how canopy soils are more aligned in their composition with one another than 
with a soil collected from a non-epiphytic source.   
In Chapter 6, the relationship between invertebrate biodiversity and organic matter 
decomposition was explored using the bird’s nest fern microcosm. Firstly, analysis revealed 
that the assemblages of invertebrates which occur in bird’s nest ferns were dependent on 
their host tree and location within the forest, most likely due to the majority of 
colonization in these ferns occurring from their immediate surroundings. The increasing 
number of species, abundance and biomass of invertebrates occupying the ferns over time 
resulted in increased levels of competitive exclusion, which will have further influenced 
how the community of invertebrates was assembled. The experiment went on to 
manipulate these high levels of invertebrate diversity in accessing isotopically enriched leaf 
litter, and thus their contributions to its decomposition. As a consequence, it was shown 
that in fern suspended soils containing more invertebrate species there were higher levels 
of enriched leaf litter decomposition. To determine the role of invertebrates in reducing 
the presence of enriched leaf litter, a sub sample of five different invertebrate orders were 
tested for tissue enrichment. Given that no enrichment occurred in these animals, it is 
likely that the increases in invertebrate species resulted in carbon assimilation by other 
members of the brown food web, the microorganisms. However, it is acknowledged that 
the presented data comprises relatively few invertebrates from a single time point, 
requiring further analysis to fully confirm the role played by invertebrates in the cycling of 
carbon.  
Chapter 7 continued the exploration of decomposition within the bird’s nest fern 
microcosm, focusing on the microbial contribution to the cycling of carbon under different 
levels of invertebrate diversity. Following their introduction into the canopy, the fern soil 
microcosms quickly experienced an increase in colonization, with microbial biomass 
increasing but stabilising after six months. In contrast with the invertebrates, microbial 
community composition when measured using PLFA profiles was shown not to depend on 
the tree, location in the forest, or invertebrate exclusion treatment. Instead microbial 




communities were likely not significantly different as a result of the standardised 
environmental conditions achieved by the precise nature of the experimental set up. 
Microbial contributions to the decomposition of enriched labelled leaf litter did, however, 
respond to changes in invertebrate diversity. Within bird’s nest ferns, suspended soils with 
greater numbers of invertebrate species contained microorganisms with relatively low 
levels of enriched carbon in their tissues, when compared with suspended soils of low 
invertebrate species richness. When coupled with the findings of soil carbon enrichment, 
this demonstrates the intrinsic relationship between invertebrate diversity and microbial 
functioning, and an interesting position from which to pose hypotheses to guide future 
research. A fern with low invertebrate diversity is likely to experience lower rates of 
decomposition, with micro-organisms in the associated soil taking longer to process the 
organic matter present in the soil (Figure 8.1). Although when sampled these appear more 
enriched, it is likely as a result of delayed uptake, processing and cycling of carbon within 
their cell wall. In ferns with high levels of invertebrate diversity, the rate of decomposition 
is faster, with microorganisms potentially having already assimilated, processed and shed 
the enriched carbon within their cell wall. In this case more carbon will have been lost from 
the system through respiration. Contrary to expectations, no enriched carbon was found in 
the tissues of the invertebrates inhabiting ferns with accessible enriched leaf litter. A lack 
of expected bioaccumulation may be due to carbon being regularly respired and replaced 
in invertebrate tissues as they move up the food chain.  





Figure 8.1: Canopy soils associated with epiphytes such as bird’s nest ferns act as natural microcosms at the 
top of trees (A). Yellow dotted lines signify magnification of the enclosed areas. Fern communities can be 
characterised by either low invertebrate biodiversity (B) or high invertebrate biodiversity (C). In ferns with 
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enriched organic matter present within the soil matrix, soil enrichment remained high (yellow: brown 
background) when invertebrate diversity was low (D). This is due to relatively low rates of microbial 
mediated decomposition (red arrows indicate uptake of carbon). In ferns with high invertebrate diversity, 
bulk soil enrichment was relatively low (E) as a result of relatively high rates of microbial mediated 
decomposition. The presence of invertebrates and an increase in their diversity resulted in increased 
decomposition, and microbial uptake of carbon. Enriched carbon is likely to be subsequently respired from 




The findings presented in this thesis can be applied across multiple scales. Firstly at the 
natural microcosm scale of the bird’s nest fern, they provide a better understanding of how 
these epiphytes are able to support themselves in the canopy. Whilst their role as a 
harbour for invertebrate biodiversity is now well established, previously nothing was 
known about the microbial communities inhabiting these plants. Not only does this work 
demonstrate the high levels of microbial biomass which occur here, but also that microbial 
functioning and thus facilitation of nutrient cycling within the microcosm is strongly linked 
to the invertebrate community which inhabits the fern alongside the microorganisms.   
Secondly, at the scale of the rainforest, the work increases our understanding of microbial 
colonization of the canopy. Suspended soils, whether occurring in association with 
epiphytes, or as accumulations of organic matter in the interstices of tree branches, have 
been shown to support high numbers of microorganisms. Whilst the composition of these 
is largely dependent on the physical conditions of the canopy, they nonetheless provide an 
important source of nutrient cycling in an otherwise nutrient constrained environment. 
Furthermore, trends in microbial assemblages observed in these soils appear to be 
consistent across rainforests on different continents, strengthening the implication that it is 
physical rather than local conditions which determine microbial community composition. 
Finally, if applied to the entire brown food web, the interactions revealed here between 
invertebrates and microorganisms may act as a global model. The diversity of invertebrates 
at one trophic level will influence the functioning of microorganisms at another. Although 
this work focused on a single measure of ecosystem functioning, that of microbially 
mediated cycling of carbon, it is likely that the relationship between invertebrate diversity 
and microorganisms has similar effects on nitrogen cycling, and energy transfer within the 
soil food web. Future work examining this relationship should seek to take a 
multifunctional approach to measure other functional processes simultaneously. In the 
context of a continued rise in global extinctions of invertebrate species, these findings 
should be taken as yet another signal that human modifications to soil habitats will have 
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Appendix 1- Invertebrate Data




Table A1: Total abundance of invertebrate orders collected from experimental ferns after 6 (n = 31) and 12 (n = 26) 
months. Orders which were further sorted to RTU are highlighted in bold. 
Order 6 months 12 months 
Oligochaeta 8 12 
Hirudinea 8 0 
Gastropoda 0 1 
Opiliones 0 25 
Scorpiones 0 1 
Pseudoscorpiones 3 0 
Acari 59 416 
Uropygi 1 0 
Araneae 97 91 
Isopoda 101 67 
Diplopoda 34 132 
Chilopoda 35 71 
Symphyla 5 0 
Collembola 65 24 
Thysanura 3 0 
Diplura 2 0 
Orthoptera 4 7 
Phasmatodea 1 0 
Dermaptera 0 53 
Isoptera 0 2553 
Blattodea 141 165 
Mantodea 2 2 
Hemiptera 46 33 
Coleoptera 51 117 
Diptera 79 36 
Lepidoptera 0 1 
Hymenoptera 4 5 
Formicidae 4945 10804 
unknown larvae 107 113 




Table A2: Abundance and occurrence of recognisable taxonomic unit for the orders Isopoda, Diplopoda, Collembola, 
Dermaptera, Blattodea and Formicidae 
Order RTUs Abundance # Ferns 
Isopoda RTU01 100 28 
Isopoda RTU02 20 9 
Isopoda RTU03 26 6 
Isopoda RTU04 14 7 
Isopoda RTU05 6 2 
    Order RTUs Abundance # Ferns 
Diplopoda RTU01 22 8 
Diplopoda RTU02 1 1 
Diplopoda RTU03 40 6 
Diplopoda RTU04 7 1 
Diplopoda RTU05 19 7 
Diplopoda RTU06 19 3 
Diplopoda RTU07 10 2 
Diplopoda RTU08 4 3 
Diplopoda RTU09 1 1 
Diplopoda RTU10 10 7 
Diplopoda RTU11 1 1 
Diplopoda RTU12 2 1 
Diplopoda RTU13 27 1 
    Order RTUs Abundance # Ferns 
Collembola RTU01 1 1 
Collembola RTU02 19 15 
Collembola RTU03 32 13 
Collembola RTU04 2 1 
Collembola RTU05 1 1 
Collembola RTU06 1 1 
Collembola RTU07 5 4 
Collembola RTU08 2 2 
Collembola RTU09 1 1 
    Order RTUs Abundance # Ferns 
Dermaptera RTU01 1 1 
Dermaptera RTU02 1 1 
Dermaptera RTU03 6 1 
Dermaptera RTU04 1 1 
Dermaptera RTU05 44 1 




Order RTUs Abundance # Ferns 
Blattodea RTU01 45 15 
Blattodea RTU02 15 11 
Blattodea RTU03 4 4 
Blattodea RTU04 1 1 
Blattodea RTU05 5 4 
Blattodea RTU06 10 6 
Blattodea RTU07 19 10 
Blattodea RTU08 5 4 
Blattodea RTU09 9 1 
Blattodea RTU10 25 14 
Blattodea RTU11 19 13 
Blattodea RTU12 1 1 
Blattodea RTU13 1 1 
Blattodea RTU14 16 8 
Blattodea RTU15 1 1 
Blattodea RTU16 3 3 
Blattodea RTU17 11 6 
Blattodea RTU18 12 8 
Blattodea RTU19 15 10 
Blattodea RTU20 1 1 
Blattodea RTU21 2 1 
Blattodea RTU22 7 4 
Blattodea RTU23 16 6 
Blattodea RTU24 12 9 
Blattodea RTU25 1 1 
Blattodea RTU26 1 1 
Blattodea RTU27 9 5 
Blattodea RTU28 1 1 
Blattodea RTU29 8 4 
Blattodea RTU30 1 1 
Blattodea RTU31 1 1 
Blattodea RTU32 5 5 
Blattodea RTU33 1 1 
Blattodea RTU34 2 2 
Blattodea RTU35 1 1 
Blattodea RTU36 5 4 
Blattodea RTU37 2 1 
Blattodea RTU38 1 1 
Blattodea RTU39 4 1 
Blattodea RTU40 3 1 
Blattodea RTU41 1 1 




Order RTUs Abundance # Ferns 
Formicidae RTU01 15913 14 
Formicidae RTU02 111 1 
Formicidae RTU03 1753 15 
Formicidae RTU04 318 3 
Formicidae RTU05 787 2 
Formicidae RTU06 770 2 
Formicidae RTU07 296 12 
Formicidae RTU08 456 15 
Formicidae RTU09 2268 3 
Formicidae RTU10 4 1 
Formicidae RTU11 2 2 
Formicidae RTU12 319 12 
Formicidae RTU13 6 5 
Formicidae RTU14 278 14 
Formicidae RTU15 62 4 
Formicidae RTU16 837 15 
Formicidae RTU17 1 1 
Formicidae RTU18 1 1 
Formicidae RTU19 35 15 
Formicidae RTU20 2 2 
Formicidae RTU21 3 2 
Formicidae RTU22 158 6 
Formicidae RTU23 25 4 
Formicidae RTU24 125 8 
Formicidae RTU25 24 2 
Formicidae RTU26 3 3 
Formicidae RTU27 15 3 
Formicidae RTU28 44 2 
Formicidae RTU29 3 3 
Formicidae RTU30 5 1 
Formicidae RTU31 11 3 
Formicidae RTU32 1 1 
Formicidae RTU33 1 1 
Formicidae RTU34 1 1 
Formicidae RTU35 2 2 
Formicidae RTU36 4 1 
Formicidae RTU37 46 4 
Formicidae RTU38 136 2 
Formicidae RTU39 168 2 
Formicidae RTU40 1 1 
Formicidae RTU41 16 6 
Formicidae RTU42 1 1 




Order RTUs Abundance # Ferns 
Formicidae RTU44 1 1 
Formicidae RTU45 6 3 
Formicidae RTU46 45 2 
Formicidae RTU47 1 1 
Formicidae RTU48 1 1 
Formicidae RTU49 1 1 
Formicidae RTU50 7 3 
Formicidae RTU51  1  1 
Formicidae RTU52 2 2 
Formicidae RTU53 1 1 
Formicidae RTU54 11 3 
Formicidae RTU55 1 1 
Formicidae RTU56 1 1 
Formicidae RTU57 1 1 
Formicidae RTU58 1 1 
Formicidae RTU59 80 2 
Formicidae RTU60 2 2 
Formicidae RTU61 36 3 
Formicidae RTU62  1  1 
Formicidae RTU63 4 3 
Formicidae RTU64 69 1 
Formicidae RTU65 26 3 
Formicidae RTU66 27 2 
Formicidae RTU67 1 1 
Formicidae RTU68 3 3 
Formicidae RTU69 1 1 
Formicidae RTU70 1 1 
Formicidae RTU71 3 2 
Formicidae RTU72 2 2 
Formicidae RTU73 1 1 
Formicidae RTU74 3 2 
Formicidae RTU75 2 1 
Formicidae RTU76 1 1 
Formicidae RTU77 4 2 
Formicidae RTU78 1 1 
Formicidae RTU79 112 1 
Formicidae RTU80 1 1 
Formicidae RTU81 1 1 
Formicidae RTU82 26 2 
Formicidae RTU83 1 1 
Formicidae RTU84 2 1 
Formicidae RTU85 172 4 
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PRACT ICAL ART ICLE
The relative importance of invertebrate and microbial
decomposition in a rainforest restoration project
Julian Donald1,2, Iain Weir3, Sam Bonnett1, Pete Maxfield1, M. D. Farnon Ellwood1
Tropical rainforests are increasingly disturbed by human activities. While restoration projects often succeed in replacing
tree cover, they rarely manage to restore soil function. Consequently, there is an urgent need to understand the changes that
occur during soil restoration. Model ecosystems such as the Eden Project present an ideal opportunity to investigate these
changes. The Eden Project was built 15 years ago, and its plants grown from seedlings, or sown directly into a soil made
up of standardized mixtures of recycled organic material. Today, the Eden Project’s rainforest biome consists of a diverse
community of plants, invertebrates, and microorganisms. Different areas within the biome are managed differently, allowing
us to separate the relative contributions of decomposers under differing physical conditions. Litterbag experiments revealed
significant differences in decomposition rates in bags of different mesh sizes. Phospholipid fatty acid analysis revealed that
microbial biomass and community structure varied under different management regimes. Soil enzyme assays revealed that
glucosidase activity increased in soils with more organic matter, whereas phenol oxidase activity increased in more alkaline
soils. Our study takes a step toward understanding the interactions between invertebrates and microbes, and the way in which
soils function during restoration.
Key words: decomposition, ecosystem function, enzymes, invertebrates, microorganisms, soil
Implications for Practice
• Studies of model ecosystems can inform the management
of restoration projects.
• Artificial soils can support communities of invertebrates
that contribute to decomposition and soil nutrient cycling.
• The use of phospholipid fatty acid analysis in combination
with hydrolytic and oxidative enzyme assays can be used
to confirm microbial community composition and func-
tioning during soil restoration.
• Soil organic matter content and pH influence microbial
enzyme activity. Regular additions of organic matter in the
form ofmulch will therefore help tomaintain optimal con-
ditions for microbial functioning during forest restoration
projects.
Introduction
Tropical rainforest cover has declined sharply as a result of tim-
ber extraction and conversion to agriculture (Asner et al. 2009).
Forest degradation causes a reduction in soil invertebrate diver-
sity and a shift in associated microbial communities (Ewers
et al. 2015;McGuire et al. 2015). Given the importance of inver-
tebrates and microbes for soil functioning, this is likely to have
consequences for nutrient cycling and plant viability (Nannip-
ieri et al. 2003; Orgiazzi et al. 2016). Restoration projects will
therefore benefit from an understanding of these neglected ele-
ments of ecosystem recovery. Microbial diversity and activ-
ity in particular have recently been proposed as the most
sensitive biological indicators of differences in soil functionality
(Muñoz-Rojas et al. 2016).
One way of understanding the effects of disturbance on these
indicators is to perform microcosm experiments. However, to
capture the reality of a dynamic ecosystem, such as a rain-
forest, studies need to be performed on a larger scale. Using
mesocosms (Bonnett et al. 2016) such as botanic gardens for
restoration studies (Aronson 2014), or for simulating rainforest
ecology (Donald et al. 2016), can prove useful for exploring
trends in soil community dynamics. The Eden Project in Corn-
wall, U.K., is a botanic garden housed in a restored china clay
mine, which uses standardized artificial soils (termed technosols
by Séré et al. (2008)) as the foundation for its plant collection.
The rainforest biome, an enclosed hothouse, contains over
1,400 species of tropical plants, in addition to a large range of
native and alien invertebrate species that have colonized the
site over the 15 years since its construction. While the crop pest
species are well-documented (see Treseder et al. 2011), only
anecdotal evidence exists regarding the soil fauna likely to be
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the experiments; JD, IW analyzed the data; PM, SB contributed reagents, materials,
and tools for microbial analysis; JD, MDFE wrote the manuscript. All authors
contributed to manuscript revision.
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Figure 1. The Eden Project rainforest biome from construction to completion. Photo (A) by Eden Project and (B–D) by Julian Donald.
involved in belowground food webs. Determining the relative
contributions of microorganisms (<0.1mm) and soil mesofauna
(0.1–2mm) can confirm how different components of the soil
biota are contributing to the process of decomposition during
forest restoration. To this end, we ask the following questions:
(1) Do invertebrates of different sizes play different roles in
decomposition? (2) How does the composition of microbial
communities change under varying soil types? (3) How does the




The Eden Project is a unique botanic garden, opened in 2001,
situated on a 105 ha site within a decommissioned china clay
quarry near St Austell, Cornwall, U.K. (50.3601∘N, 4.7447∘W).
The Eden Project is made up of an outdoor garden, and two
large enclosed biomes (Fig. 1). Eden’s rainforest biome, one
of the largest greenhouses in the world, stands 50m tall and
covers an area of 15,590m2. Over 1,400 plant species are
Table 1. Technosol mix in the rainforest biome at the Eden Project.
Sand (%) Organic Component (%) Lignitic Clay (%)
Subsoil 65 25 10
Topsoil 25 65 10
housed within an effectively sealed environment, under the
following controlled climatic conditions (mean±SD): air tem-
perature (21.07± 2.8∘C), soil (20.04± 0.8∘C), and humidity
(97.4± 3.6%).
Soil within the biomes was developed in partnership with the
University of Reading, using sand recycled from the local china
clay industry, composted bark, green waste from the surround-
ing area, and lignitic clay as a by-product of Devon’s ball clay
industry. This mixture provides the optimal amounts of trace
nutrients, cation exchange capacity, and was able to bind the soil
mixtures together (Table 1). The soils have since been managed
with the addition of a compost mulch mix, composed of green
waste collected onsite. Applications of mulch have varied across
the biome, with a resulting range in soil organic matter content.
Soil invertebrate diversity is much lower than that of a tropical
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rainforest; nevertheless the site does have an abundant com-
munity of mesofauna (0.1–2mm) and macrofauna (>2mm),
most notably white-footed ants (Technomyrmex albipes),
Australian cockroaches (Periplaneta australasiae), and Suri-
name cockroaches (Pycnoscelus surinamensis; Treseder
et al. 2011).
Soil functioning was tested at 12 points across the rainforest
biome, selected in order to capture the largest variation in
horticultural management regimes and soil conditions across
the site.
Leaf Litter Decomposition
Leaves were cut from the nitrogen-fixing mimosoid legume
Samanea saman, a tree chosen due to its presence within the
biome, a relatively fast rate of decomposition, and its high
nutrient value (Schilling et al. 2016). Individual leaflets were
stripped from their petioles and dried for 48 hours in an oven
at 50∘C.
Leaf litter bags measuring 20× 15 cm were prepared using
a nylon mesh and a glue gun. Two mesh sizes of 2× 2mm
(large) and 0.8× 0.8mm (small) were used to include or exclude
mesofauna. Each bag was filled with 3 g of dried leaves, before
being stapled shut.
At each of the 12 sites, three bags of each mesh size were
placed on the ground and covered with a mulch layer to simulate
the leaf litter layer of a forest soil. Six bags per site across 12
sites gave 72 bags in total. The bags were arranged around a
central stake to facilitate orientation; alternating from large to
small avoided microclimate effects.
At three intervals (3, 5, and 7months), one bag of each mesh
type per site was retrieved, placed into a paper bag and dried at
50∘C for 48 hours. Once dry, great care was taken to separate
invasive roots and soil from the leaf litter before reweighing it.
Soil Collection
At each site, four replicate samples of soil were collected from
the corners of a 1-m quadrat. Any ground litter was removed,
and using a trowel, approximately 50 cm3 of soil was taken
from 0–5 cm depth and transferred into 20× 28-cm zip lock
polythene bags. These were then placed in a cool box before
being transferred to the laboratory, where they were stored at
4∘C, and opened regularly to allow the soils to respire. Prior to
analysis, the soil was homogenized by being passed through a
5-mm mesh. A subsample of approximately 10 cm3 was taken
from the same sites and stored in glass vials at −20∘C.
Soil Organic Matter and pH
Loss on ignition was used as a proxy for soil moisture and
organic matter content (Heiri et al. 2001). Five grams of soil
from each sample was placed into a crucible and transferred into
an oven at 105∘C for 24 hours, weighed, and then placed into a
furnace at 450∘C for a further 12 hours before being reweighed.
pH was tested on a 50-mL solution of 10 cm3 soil dissolved
into deionized water using a Benchtop Jenway 3510 pH meter
and electrode.
Hydrolase Enzyme Activity
Methylumbelliferyl-𝛽-d-glucopyranoside (MUF, 100𝜇M) sub-
strate solutionswere prepared for the enzyme glucosidase, along
with a MUF standard (DeForest 2009). Each soil solution of
100 μm (1:5 wet soil to deionized water) was pipetted out onto
a 96-well plate, with three wells for each soil sample. One con-
tained a soil blank with deionized water (250𝜇L), one with
the MUF substrate (150𝜇L), and one with the MUF standard
(150𝜇L) in addition to wells containing a blank of deionized
water, and reference wells for theMUF substrate andMUF stan-
dard. The reaction was left active for 1 hour before 50𝜇L of 1M
sodium hydroxidewas added to terminate the reaction. The plate
was then transferred to a BMG Labtech Fluostar Optima Flu-
orometer (Ortenberg, Hesse, Germany) plate reader to record
levels of fluorescence. An average of three subsamples was cal-
culated for each sample. A single extreme outlier, likely caused
by an error in fluorescence detection, was removed. The data
were then converted to give glucosidase activity (μmol MUF
g−1 hour−1), as outlined by DeForest (2009).
Oxidative Enzyme Activity
Soil solution of 0.75mL (1:5 wet soil to deionized water) was
pipetted into two Eppendorfs for each soil sample. Deionized
water of 0.75mL was added to one, while 0.75mL of a 10-mM
solution of l-3,4-dihydroxyphenylalanine (l-DOPA) was added
to the other. These were incubated at room temperature for
1 hour before being centrifuged at 10,000 rpm for 5minutes.
The resulting supernatant was pipetted (300𝜇L) onto a clear
microplate and transferred to a BMG Labtech Fluostar Optima
Fluorometer plate reader to measure the absorbance at 460 nm.
Phenol oxidase activity per sample was calculated by comparing
the l-DOPA solution with that of the water blank. An average
of three subsamples was calculated for each sample. The data
were then converted to give phenol oxidase activity (μmol dicq
g−1 hour−1), as outlined by DeForest (2009).
Phospholipid Fatty Acid Analysis
Soils that had been frozen upon collection were then
freeze-dried and ground into a fine powder. This powder of
500mg was added to 2.8mL of a 2:0.8 ratio of methanol:water
solution in a 7-mL Precellys homogenization tube, and homog-
enized at 1,000 rpm (2× 10 seconds). Samples were transferred
to Pyrex centrifuge tubes with 1.35mL of chloroform, vortexed
(30 seconds), and sonicated (15minutes), before centrifugation
(3,000 rpm for 5minutes). The supernatant solution was trans-
ferred into a 30-mL glass vial, and the soil sample reextracted
with Bligh-Dyer solution (2× 3mL). The organic and aqueous
phases were separated by the addition of water (1mL) and
chloroform (1mL), and centrifuged at 3,000 rpm for 3minutes.
The organic (bottom) layer was removed and the aqueous layer
reextracted with chloroform (3× 2mL). The sample was blown
down under nitrogen and the total lipid extract (TLE) was then
stored at −20∘C.
The TLE was further separated using column chromatogra-
phy following the method described by Dickson et al. (2009).
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The sample was washed through with 5mL of a 99:1 chloro-
form:acetic acid solution to separate out neutral fractions, 20mL
of acetone to separate out the glycolipids, and 6mL of methanol
to wash out the remaining phospholipids.
An acid-catalyzed derivatization method was used to pre-
pare the phospholipid fraction for analysis. Here, a solution
of hydrogen chloride in methanol (5% w/v) was created by
dripping 2.5mL of acetyl chloride slowly into 26mL of anhy-
drous methanol, chilled in an ice bath to control the exothermic
reaction. This solution of 1.9mL was added to each lipid sam-
ple, along with 10𝜇L of a known C18 alkane standard. The
sample was heated at 60∘C for 2 hours in a sealed tube. Once
cool, 1mL of water was added and the fatty acid methyl esters
(FAMEs) were extracted into hexane (3× 1mL). Water was
removed using a column of sodium sulfate, and the resulting
solvent was evaporated at 40∘C under nitrogen. FAMEs were
redissolved in 30𝜇L of hexane. A volume of 1𝜇L of the result-
ing solution was analyzed using gas chromatography. This was
performed using a Hewlett-Packard Series 5890 Series II gas
chromatograph (Agilent Technologies U.K. Ltd., Edinburgh,
U.K.) equipped with a flame ionization detector using helium
carrier gas (pressure of 10 psi). The lipid concentrations were
analyzed using a Varian VF23ms (Varian BV, Middelburg, The
Netherlands) 50% cyanopropyl equivalent fused-silica column
(30m× 0.25mm× 0.25 μm). The temperature program for fatty
acid derivatives was 40∘C (2minutes) to 100∘C at 15∘C/minute,
to 240∘C at 4∘C/minutes (held for 20minutes). Detailed chro-
matograms were produced for each sample and the total micro-
bial biomass per sample was calculated relative to the standard.
The peaks displayed on the resulting chromatogram were iden-
tified as either fungal or bacterial as specified by Frostegård and
Bååth (1996), allowing fungal:bacterial ratios to be calculated
for each soil sample.
Statistical Analysis
Two-way analysis of covariance (ANCOVA) was used to con-
trol the effects of soil pH while comparing the treatment effects
of mesh size and time on leaf litter weight loss. We used linear
mixed-effects modeling to assess the fixed effects of soil organic
matter content on glucosidase and of pH on phenol oxidase; both
modeled with random intercepts for the sample sites. Visual
inspection of residual plots did not reveal any obvious devia-
tions from homoscedasticity or normality. Models that differed
in the random effects specification were compared by likeli-
hood ratio tests. The significance of terms in the fixed-effects
specification was assessed by standard linear regression con-
ditional F-tests. Averages of soil moisture, organic matter
content, pH, glucosidase, and phenol oxidase activity were
calculated for each site. Pearson’s correlations of these with
soil microbial biomass and fungal:bacterial ratios were assessed
for significance using t tests of correlation. All analyses were
carried out in the R programming language and environment (R
Development Core Team 2014) with the nlme software package


























Figure 2. Mean weight loss of leaf litter in litter bags after 3, 5, and
7months in the rainforest biome of the Eden Project (n= 12, ±1 SE). The
two exclusion treatments were 0.8 × 0.8mm (small) and 2 × 2mm (large),
evaluated at the sample mean soil pH value of 7.34.
Results
Leaf Litter Decomposition
The amount of leaf litter lost from the litter bags was signifi-
cantly greater in the largemesh treatment at the 5-month interval
(Fig. 2). Soil pH had a significant effect on leaf litter decompo-
sition (F[1,65] = 27.29, p< 0.001). Having partitioned this effect
ANCOVA revealed that, at the sample mean pH of 7.34, both
exclusion (F[1,65] = 4.71, p= 0.034) and time (F[2,65] = 37.06,
p< 0.001) had significant main effects on litter weight loss.
There was no significant interaction between time and exclusion
treatment (F[2,65] = 0.77, p= 0.466).
Glucosidase Activity
As soil organic matter increased, so too did glucosidase activ-
ity (F[1,33] = 5.18, p= 0.030; Fig. 3). The relationship between
soil glucosidase activity and soil organic matter (% loss on
ignition) showed significant variation in intercepts across sites
(SD= 95.59, 𝜒21 = 19.34, p< 0.001). When this sample site
variation was taken into account, fitted linear relationships
showed that as soil organic matter increases so too does glu-
cosidase activity (Fig. 3).
Phenol Oxidase Activity
As pH increased, so too did phenol oxidase activity
(F[1,35] = 11.01, p= 0.002; Fig. 4). The relationship between soil
phenol oxidase activity and pH showed significant variation in
intercepts across sites (SD= 0.00082, 𝜒21 = 28.43, p< 0.001).
When this sample site variation was taken into account, fitted
linear relationships demonstrated that phenol oxidase activity
increases under more alkaline conditions (Fig. 4).
Phospholipid Fatty Acid Analysis
Sites around the biome varied in their soil microbial biomass
(mean= 31528.76 ng/g of soil, SD= 9319.17, n= 12) and fun-
gal:bacterial ratios (mean= 0.13, SD= 0.04, n= 12).
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Figure 3. Glucosidase activity versus soil organic matter content for the 12 sites sampled across the rainforest biome. The fitted linear relationships are
shown from a mixed-effects model with soil organic matter as a fixed effect and a random effect for the intercept. It can be seen that as soil organic matter
increases, so too does glucosidase activity.
Microbial biomass was correlated significantly with phe-
nol oxidase activity across the biome (r9 = 0.63, p= 0.03) and
fungal:bacterial ratios correlated significantly with glucosidase
activity (r9 = 0.91, p< 0.001; Table 2).
Discussion
Forest restoration projects depend on the successful restoration
of their soils and this can only be achieved by reducing the
uncertainty surrounding soil functional processes. Our work has
confirmed the effects of management regime on the standard-
ized soils of the Eden Project, highlighting its use as a model for
forest restoration. Specifically, we have shown that the addition
of mulch results in a matrix of varying pH and organic matter
content, which in turn governs microbial activity. Moreover, by
using exclusion treatments, we have confirmed the roles played
by invertebrates and microbes in decomposition under different
management regimes.
While the species richness of the Eden Project is lower than
that of a tropical rainforest, the biome does support communi-
ties of decomposers. These range from insects such as ants and
cockroaches (Treseder et al. 2011) to other arthropods, and
microorganisms known to be highly abundant and key to the
decomposition of organic matter in natural soils (Orgiazzi
et al. 2016). After 5months, significantly more leaf litter had
disappeared from the large-mesh bags, we suspect as a result
of the colonization and movements of the mesofauna. Indeed,
the ability of soil animals to fragment organic matter and
redistribute microbes throughout the leaf litter is known to be
an important component of soil food webs (Soong & Nielsen
2016). However, while our results confirm the importance of the
mesofauna to decomposition in the intermediate stages of our
experiment, the lack of any significant differences in decompo-
sition rates after 7months confirms the relative importance of
microbe-mediated decomposition.
Our results support the notion that microbial communities
drive the bulk of nutrient cycling in belowground food webs
Restoration Ecology 5
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Figure 4. Phenol oxidase activity versus soil pH for the 12 sites sampled across the rainforest biome. The fitted linear relationships are shown from a
mixed-effects model with pH as a fixed effect and a random effect for the intercept. It can be seen that as soil pH increases, so too does phenol oxidase activity.
Table 2. Correlations of Eden Project soil microbial biomass and fun-
gal:bacterial ratio with soil physicochemical conditions and extracellular
enzyme activity. Significance (df = 10 in each case) is indicated as follows:
n.s., not significant (p> 0.05); *p< 0.05; **p< 0.01; ***p< 0.001.
Microbial Biomass Fungal Bacterial
Fungal bacterial −0.181 n.s.
Soil moisture 0.14 n.s. −0.168 n.s.
Soil organic 0.37 n.s. −0.024 n.s.
pH 0.452 n.s. −0.19 n.s.
Phenol oxidase 0.63* −0.296 n.s.
Glucosidase 0.09 n.s. 0.91***
(Swift et al. 1979). The amount of Samanea saman leaves lost
from our litterbags was equivalent to that of a study of decom-
position using the same species in a dry forest in Costa Rica
(Schilling et al. 2016). In this study, leaf litter decay rates were
shown to be positively correlated with measures of fungal com-
munity structure and soil fertility. In our study, fungal:bacterial
ratios and microbial biomass correlated positively with phenol
oxidase and glucosidase activity, respectively, demonstrat-
ing the links between soil conditions, microbial community
structure and function. Furthermore, the importance of soil
conditions was underpinned in our study by the significant
effect of soil pH on leaf litter decomposition. pH and organic
matter content also contributed to the activity of microbial
extracellular enzymes, catalyzing the cycling of nutrients
within the soil. These trends mirror the findings of others who
have studied global gradients of pH and soil carbon (Sinsabaugh
2010; Hendriksen et al. 2016), indicating that this managed
artificial soil displays the same patterns of functioning as
natural soils.
Mulching intensity has resulted in changes to the microcli-
matic, chemical, and physical properties of the Eden Project’s
soils, and may have had a greater effect on soil functioning
than plant inputs, such as leaf litter or root exudates, which
are known to influence soil microbial communities (Nemergut
et al. 2010). This conclusion is supported by studies citing soil
organic carbon as a key indicator for tropical soil fertility (Joer-
gensen 2010). The addition of manure to a tropical technosol
in a microcosm experiment (Neina et al. 2016) has been shown
to increase microbial functioning, but such studies remain lim-
ited in their ability to reflect the complexity of soil dynamics in
natural ecosystems.
Although they are intensively managed, and despite their
artificial nature, we have shown that the soils of the Eden
Project house communities of invertebrates and microbes that
contribute to organic matter decomposition. This strengthens
evidence that technosols are capable of supporting a functioning
microbial community (Hafeez et al. 2012). Our results support
the view that a wide range of ecosystem processes depend
upon communities across multiple trophic levels (Soliveres
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et al. 2017). While a more comprehensive study of a suite of
enzymes is required to gain a direct indication of soil quality
(Trasar-Cepeda et al. 2008), our results nonetheless provide
an insight into the forces influencing microbial structure and
functioning in an artificial soil. Model systems such as the
Eden Project prove useful in simulating complex tropical forest
dynamics, albeit under controlled conditions, which are absent
from more traditional microcosm studies. To our knowledge,
this study is the first to demonstrate how adaptive management
of a technosol can promote increases in soil enzyme activity,
and modify microbial biomass and community composition.
Most importantly, our study highlights the potential of artificial
soils to facilitate a functional soil community under tropical
conditions.
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HOW TROPICA L EPIPHYTES AT THE EDEN PROJECT 
CONTR IBUTE TO R AI N FOR EST CA NOPY SCI ENCE
Julian Donald1, Pete Maxfield,2 Don Murray3 & M.D. Farnon Ellwood4
A BST R AC T
Understanding the ecological patterns and ecosystem processes of tropical rainforest canopies is 
becoming increasingly urgent in the face of widespread deforestation. However, accessing rainforest 
canopies is far from simple, and performing manipulative experiments in the canopy is particu-
larly challenging. Botanic gardens provide an ideal ‘halfway house’ between field experiments and 
controlled laboratory conditions. As an ideal venue for testing equipment and refining ideas, botanic 
gardens also provide scientists with a direct route to public engagement, and potentially to research 
impact. Here we describe the ‘fernarium’, an adjustable canopy research platform for the standard-
isation, manipulation and detailed study of epiphytic bird’s nest ferns (Asplenium nidus) at the Eden 
Project in Cornwall. The fernarium provides a platform not only for the scientific study of bird’s 
nest ferns, but for public engagement, science communication and a wider understanding of the 
urgent environmental issues surrounding tropical rainforests. We include some preliminary results 
from an experiment in which the microbial community of a fern soil at the Eden Project was found 
to be similar in composition to that of a fern from lowland tropical rainforest in Malaysian Borneo. 
This study illustrates how preliminary experiments in an indoor rainforest can inform experimental 
techniques and procedures fundamental to the scientific study of genuine rainforest canopies.
I N T RODUC T ION
The challenge of rainforest canopy science
Tropical rainforests are some of the most biodiverse yet threatened regions on the planet 
(Myers et al., 2000; Achard et al., 2002). Understanding the way in which rainforests 
function, particularly in response to environmental disturbance, is crucial (Fayle et al., 
2015a). Rainforest canopies in particular are not well understood, despite being criti-
cally important in influencing the world’s climate, and to global carbon and nitrogen 
cycles (Lowman & Rinker, 2004). Rainforest canopies also house large numbers of 
‘specialists’, plant and animal species adapted to specific niches, distinct from those 
found elsewhere in the rainforest (Nadkarni et al., 2002). Although scientific studies 
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of these ecosystems are increasing as a result of advances in canopy access techniques 
(Lowman & Schowalter, 2012), they nonetheless remain difficult environments within 
which to perform scientific research. The study of canopy soils in particular can be 
very challenging due to the sensitivity of soil microbes to environmental disturbance 
(Nannipieri et al., 2003; Nannipieri et al., 2012).
The Eden Project
Botanic gardens can play a key role in increasing our understanding of tropical rainforests. 
The global network of such institutions provides a wealth of knowledge and resources that 
can help scientists to understand these complex ecosystems, whilst providing a unique 
forum for researchers to communicate directly with the general public (Shaw, 2015).
The Eden Project in Cornwall consists of outdoor gardens and two large enclosed 
biomes on a 105ha site within a decommissioned china clay quarry (Fig. 1). The 
Rainforest Biome covers an area of 15,590m² and, at 50m tall at its highest point, is 
one of the largest greenhouses in the world. Over 1,000 plant species are housed in 
five thematic areas (West Africa, Oceanic Islands, Amazon, Crops and Cornucopia, and 
Malaysia). This large-scale mixed assortment of perennial tropical plants is contained 
within an effectively sealed environment, under controlled levels of temperature (air 
21°C ± 3°C, soil 20°C ± 1°C) and humidity (97 per cent ± 3 per cent) (M. Cutler, pers. 
comm.). In addition to the plants introduced 15 years ago, prior to its opening, the site 
has been colonised by a range of local invertebrate species as well as a number of exotic 
introductions. These populations are closely monitored as part of a DEFRA-enforced 
pest management programme (Treseder et al., 2011).
The accessibility of the site for scientists and researchers, the assortment of tropical 
specimen plants growing under controlled conditions, and the functionally represent-
Fig. 1 The Eden Project outdoor gardens and two enclosed biomes. The Rainforest Biome is on the left. 
Photo: Hufton Crow.
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ative ecosystem contained within the biome all create a highly appealing opportunity 
for tropical ecologists to conduct tropical research from within the UK. Such experi-
ments may be for the collection of preliminary data, or they may encompass a complete 
study. The on-site facilities include Industrial Rope Access Trade Association (IRATA) 
qualified staff, a cherry picker and a soon-to-be extended canopy walkway, making the 
site even more attractive to those focused on the ecology of tropical rainforest canopies 
(Fig. 2).
E PI PH Y T E S A N D CA NOPY ST U DI E S
Epiphytes are plants that are adapted to live on the trunks and branches of trees, using 
these larger plants as a means of support. Epiphytes are well adapted to the physically 
harsh, often variable conditions within the canopy (Benzing, 1983). Their ability to 
survive in this relatively stressful environment with minimal nutrient inputs makes them 
ideal specimen plants in botanic gardens. This resilience also makes them useful tools 
for performing ecological experiments (Srivastava et al., 2004).
The bird’s nest fern (Asplenium nidus), found across much of tropical Asia and 
Australasia, is an epiphyte consisting of a rosette of upward-facing fronds, and a fibrous 
root mass, which anchors the fern to the host plant (Figs 3 & 4). The leaves trap falling 
litter which subsequently decomposes within the root mass, providing nutrients and 
moisture (Benzing, 1983; Turner et al., 2007), and a microhabitat capable of supporting 
Fig. 2 Eden staff using rope access techniques within the Tropical Humid Biome. Photo: J. Donald.
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a significant proportion of rainforest invertebrate biodiversity (Ellwood et al., 2002; 
Ellwood & Foster, 2004; Dial et al., 2006). In pristine rainforest the ferns are abundant 
at all heights, demonstrating their ability to survive the hot and dry conditions of the 
canopy, as well as the more humid conditions of the understorey (Fayle et al., 2009). 
This tolerance for a wide range of physical conditions explains not only their prevalence 
in the tropical hothouses of many botanic gardens but also their popularity as ornamental 
plants in the landscaping of Southeast Asian cities such as Singapore.
As natural microcosms (Srivastava et al., 2004), Bird’s nest ferns have been used 
to represent ideal natural microcosms. The ferns have been used to investigate species 
assembly rules among insects and other invertebrates (Ellwood et al., 2009; Fayle et al., 
2015b) and to investigate the supply of nutrients to the forest floor (Turner et al., 2007). 
However, little is known about the microbial community within these ferns, despite the 
fact that microorganisms are known to drive decomposition and nutrient cycling, thus 
potentially underpinning the maintenance of the high levels of species diversity within 
the forest canopy (Hietz et al., 2002; Cardelús, 2010).
The discrete, self-contained nature of the ferns, their resistance to desiccation and 
their ability to survive experimental manipulation makes this plant an ideal system, not 
just for studies conducted within rainforest (e.g. Ellwood et al., 2009), but for devel-
oping and testing a wide range of research questions, and for local studies in any botanic 
garden that includes ferns among its collection.
Fig. 3 An Asplenium phyllitidis fern in the lower rainforest canopy of the Danum valley Conservation Area 
in Sabah, Malaysia. Photo: J. Donald.
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A PL AT F OR M F OR CA NOPY SC I E NC E
This project is a step towards understanding the functioning of epiphytic plants in 
threatened rainforests, taking advantage of the potential of epiphytes for microcosm 
studies and the convenience of a tropical botanic garden located within the UK. To 
make full use of these resources, it was necessary to develop an innovative canopy 
research platform. The resulting ‘fernarium’ allows the manipulation and standardisation 
of epiphyte microcosms whilst exploring the following key processes responsible for 
shaping the ecology of canopy habitats:
• nutrient inputs and rates of litter decomposition
• hydrology and nutrient leaching
• invertebrate diversity and colonisation of canopy habitats
• the role of micro-organisms in shaping canopy soils
The following describes the materials and methods used in the construction of the 
platform, and its placement in the canopy. A case study is presented to illustrate the 
utility of the fernarium as part of an experiment to characterise and compare the 
microbial community associated with Eden fern soil with that of a natural fern from 
Malaysian Borneo.
Fig. 4 A large Asplenium nidus fern approximately 50m above the ground in the Danum valley 
Conservation Area in Sabah, Malaysia. Photo: J. Donald.
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M E T HODS
Choosing an experimental site
To facilitate public engagement throughout this research project, the experimental set-up 
was located at the centre of the Rainforest Biome. The experiments took place in two 
Hopea odorata trees, representatives of the Dipterocarpaceae family which dominate 
the forests of Southeast Asia, and which regularly host bird’s nest ferns (Ellwood et 
al., 2002; Ellwood & Foster, 2004). The original tree germplasm was collected in 1998 
from Danum valley Field Centre – which is also the location of our accompanying 
experimental fieldwork – and the Innoprise-FACE Foundation Rainforest Rehabilitation 
Project (INFAPRO). Germplasm was transported to Eden’s Watering Lane Nursery 
for germination and early growth, ready for direct planting during construction in 
2000–2001. When planted, the trees were approximately 1m in height, but after 15 years 
they have grown to around 25m (Fig. 5).
The experiment required 20 bird’s nest ferns, which were procured from Western 
Wholesale Plants Nursery in Chippenham, and, after spending three months in quarantine 
at the Watering Lane Nursery, were introduced to the biome. The ferns were transferred 
into aquatic plant pots 17cm in diameter. Unlike conventional plant pots, the aquatic pots 
maintained the through-flow of water and the exposure of the root ball to air as experi-
enced by natural ferns, whilst holding the root and soil material in position.
Fig. 5 Installing the fernarium using a cherry picker. The platforms are suspended around two Hopea 
odorata trees using galvanised steel wire attached to the roof. Photo: J. Donald.
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The fernarium
This study attempts to reproduce similar conditions to those experienced by bird’s nest 
ferns in natural forests, i.e. exposure to direct sunlight, height in the canopy and leaf 
litter inputs. It was also important to be able to manipulate and standardise conditions 
such as temperature, humidity and rainfall, to ensure that the surrounding physical 
conditions were as authentic as possible. These experimental criteria were satisfied by 
the development of a canopy research platform known as a fernarium. Moreover, given 
the location of our experiments in the centre of the biome, the experiment was shared in 
real time with the general public.
Two platforms with a diameter of 1m were constructed using marine plywood, 
stainless steel plates, bolts and galvanised steel wires. The platforms were assembled 
around the trunks of the two H. odorata trees. Designed to hold ten A. nidus ferns closely 
encircling the trunks, the platform allowed ferns to intercept the leaf litter of their host 
trees as they would under natural forest conditions (Figs 6 & 7). The weight of the 
platforms was supported by a galvanised steel cable attached to the roof of the Rainforest 
Biome. Although the anchor point on the roof was fixed, the attachments to the platforms 
were adjustable, meaning that the platform could slide up and down the tree trunks, and 
be positioned at any height.
Each platform was equipped with an irrigation system connected to the biome’s 
rainwater-fed reservoir (Fig. 8). To monitor the presence of invertebrates in and around 
Fig. 6 Ten Asplenium nidus ferns positioned within the fernarium, with a green Agrisense sticky trap 
shown. Photo: J. Donald.
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the ferns, three Agrisense pre-baited cockroach traps from Killgerm were attached at 
equidistant positions on each platform (Fig. 6). These were collected after one month, 
time enough to give a good insight into the movements of insects in and around the 
ferns. The tapered shape of the pots held each of the ten ferns in position without the 
need to fix them to the platform, hence the soil contained within these pots was easily 
sampled.
Soil microbial community
The standardised replicated conditions of the fernarium facilitated experiments to 
explore the microbial community associated with bird’s nest ferns. Phospholipid Fatty 
Acid (PLFA) analysis was used to compare the community composition of a fern placed 
in the fernarium at the Eden Project with a natural fern collected from the Danum valley 
Conservation Area in Sabah, Malaysian Borneo. The cell wall of micro-organisms is 
made up of PLFAs, with discrete groups of micro-organisms possessing different PLFAs 
within their cell walls. These components can be used as biomarkers to indicate the 
abundance and composition of the different constituents of the microbial community 
(Frostegård et al., 2011).
A sample of soil was collected from the base of each fern and freeze dried. PLFAs 
were extracted using the methodology outlined in Dickson et al. (2009). The extract 
Fig. 7 Aquatic plant pots holding the fern roots and soil in place whilst allowing water through-flow that 
reflects natural plant conditions. Photo: J. Donald.
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was analysed using gas chromatography-mass spectrometry (GC-MS). The peaks 
displayed on the resulting chromatogram were identified as either bacterial or fungal 
as specified by Frostegård & Bååth (1996) and fungal:bacterial ratios were calculated 
for each fern.
R E SU LT S & DI SC USSION
Science communication
With attractive, enticing and often unique collections, botanic gardens can play a key role 
in both biological research and public engagement. Disseminating scientific research to 
the general public can prove challenging for academics, in spite of the inherent value 
of communicating with a wider audience. Public engagement and scientific impact 
is becoming increasingly important, with government funding now contingent upon 
research achieving impact as measured, for example, via the UK government’s Research 
Excellence Framework (REF). The Eden Project can receive as many as 13,000 visitors 
per day, and from their central positon in the biome, the fernarium experiments are seen 
by large numbers of people. In addition to its central location, the fernarium captures 
the attention of the public owing to its size, its unusual shape in the form of a pentagon 
and the fact that it is raised above the ground. By providing an adjacent information 
Fig. 8 Irrigation system which can be customised to deliver varying amounts of water and nutrients to simulate 
projected climate change scenarios. Photo: J. Donald.
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board, written in lay language, members of the public are able to satisfy their curiosity 
by reading about the experimental set-up and the aims of the research, regardless of 
prior scientific education. Talks were given throughout the experiments to members of 
the public and to staff; this provided an opportunity not only for public engagement but 
for knowledge exchange with the Eden science team and garden staff.
Contributions to canopy science
By developing a platform that can support epiphytes under standardised conditions, 
similar to those found in the Malaysian rainforest from which the Eden plants were origi-
nally sourced, the fernarium allows canopy scientists to conduct preliminary research 
before embarking on overseas fieldwork. For example, suspended soils within the 
canopy have been described as integral components of ecosystem-level nutrient cycles 
(Cardelús, 2010). Thanks to its position immediately below the crown of a rainforest tree 
species, the platform can be used to study leaf litter inputs as a source of nutrients for 
canopy epiphytes, and as an ecosystem model for the process of decomposition.
The nutrients associated with suspended soils are released through leaching (Umana 
& Wanek, 2010; Turner et al., 2007; Zimmermann et al., 2007), and thus the water inputs 
associated with these plants will determine not only plant survival but also nutrient 
retention. Building a remotely controlled irrigation system into the fernarium allowed 
the experimental modification of the water supply to the ferns and thus made it possible 
to investigate the impacts of drought or heavy rainfall on leaching and nutrient cycling, 
as well as biological processes within ferns. Levels of irrigation can simulate precipi-
tation rates in line with climate change projections (Sheffield & Wood, 2008). Thus it is 
possible to evaluate the effects of changing rainfall patterns, not only on the health of 
the plants themselves, but also on the functioning of their associated suspended soils. 
Using the same system, levels of nutrients provided to the plants can be manipulated in 
an attempt to understand the impacts of human-driven nutrient deposition on rainforests 
(Hietz et al., 2002; Hietz et al., 2011).
Given their role in sequestering organic matter, nutrients and water, canopy epiphytes 
such as the bird’s nest fern represent a significant resource for canopy organisms, particu-
larly arthropods (Ellwood et al., 2002; Ellwood & Foster, 2004). The species richness 
and sheer abundance of invertebrates in tropical habitats can make experimental manipu-
lations of complex ecological interactions especially difficult. However, the simplified, 
standardised conditions associated with botanic gardens mean that, although invertebrate 
diversity is orders of magnitude lower, and in some cases precisely because of this, it is 
still possible to complete worthwhile ecological experiments. For example, sticky traps 
revealed that standardised ferns situated in the Eden Project were rapidly colonised by 
a sufficient yet experimentally tractable diversity of white-footed ants (Technomyrmex 
albipes), Surinam cockroaches (Pycnoscelus surinamensis) and Australian cockroaches 
(Periplaneta australasiae). From a practical perspective, this discovery suggests that 
invertebrates such as cockroaches are using pockets of organic matter and suspended 
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soils within epiphytes as they would in the rainforest canopy, and are perhaps escaping 
conventional pest control methods.
Soil microbial community
Microbes inhabiting suspended soils such as those found around bird’s nest ferns are 
likely to play a key role in organic matter decomposition, nutrient cycling and the 
viability of the fern (Cardelús, 2010). By recreating near-natural conditions of epiphytic 
ferns and their suspended soil under standardised conditions, the fernarium facilitates 
the research and development of methods for sampling and understanding soil microbe 
communities. The mobile plant pots can be removed from the platform, allowing for 
the rapid and non-invasive collection of soil samples. Moreover, given the sensitivity of 
soil analysis techniques to disturbance and environmental fluctuations, it is enormously 
beneficial to be able to standardise temperature and humidity, perform experiments in a 
secure location such as the Rainforest Biome, and take advantage of the site’s proximity 
to universities and laboratory facilities. The diverse yet controlled nature of the biome’s 
ecosystem also strengthens its use as a site for exploring ecosystem function, in 
comparison to the more sterile conditions of classic greenhouse studies.
A range of PLFAs were extracted and identified from the fern soil contained within the 
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Fig. 9 Chromatogram displaying the PLFA profiles of a soil collected from a bird’s nest fern at the Eden 
Project Cornwall, and from the Danum valley Conservation Area in Sabah, Malaysian Borneo. Peaks indicate 
the relative abundance of phospholipids within each sample. By comparing peak areas against others on the 
same trace, it is possible to evaluate the composition of the microbial community of each sample. Peaks A–J 
are biomarkers of bacteria whilst peak K is indicative of fungi (as identified by Frostgård & Baath, 1996).
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parts of the microbial community, and their relative importance in comparison with ferns 
from natural forests. Eden fern soil contains a microbial community with a fungal:bacterial 
ratio of 0.02:0.98, whilst fern soil from the Danum valley in Malaysian Borneo displays a 
fungal:bacterial ratio of 0.23:0.77. This result suggests that fungi are of greater importance 
in the fern’s natural habitat, probably due to the prevalence of a more developed fungal 
community in the surrounding rainforest canopy compared with the Eden biome. In spite 
of the difference in composition, the range of PLFAs appears consistent with those found 
in a fern from Borneo. Peaks indicating the phospholipids i15:0, 16:0 and 18:1ɷ2 dominate 
both traces (labelled C, G and K in Fig. 9), which indicates that similar key microbial 
groups predominate in both systems. By enabling the quantification of fungal:bacteria 
ratios and the determination of community composition, this study demonstrates the feasi-
bility of using Eden ferns to conduct research on a genuine rainforest system.
CONC LUSION
Botanic gardens can be used by scientists to perform experiments while maximising 
public engagement and generating impact from their work. Moreover, the results can be 
used to inform the future management of the gardens, generating valuable knowledge 
exchange between scientists and horticulturists. The fernarium will continue to facilitate 
canopy research at the Eden Project, allowing scientists to explore the key biotic and 
abiotic processes shaping canopy ecosystems, whilst enabling the perfection of experi-
ments that may be difficult to develop under field conditions.
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Abstract: As a source of ‘suspended soils’, epiphytes contribute large amounts of organic matter to
the canopy of tropical rain forests. Microbes associated with epiphytes are responsible for much of the
nutrient cycling taking place in rain forest canopies. However, soils suspended far above the ground
in living organisms differ from soil on the forest floor, and traditional predictors of soil microbial
community composition and functioning (nutrient availability and the activity of soil organisms)
are likely to be less important. We conducted an experiment in the rain forest biome at the Eden
Project in the U.K. to explore how biotic and abiotic conditions determine microbial community
composition and functioning in a suspended soil. To simulate their natural epiphytic lifestyle, bird’s
nest ferns (Asplenium nidus) were placed on a custom-built canopy platform suspended 8 m above
the ground. Ammonium nitrate and earthworm treatments were applied to ferns in a factorial
design. Extracellular enzyme activity and Phospholipid Fatty Acid (PLFA) profiles were determined
at zero, three and six months. We observed no significant differences in either enzyme activity or
PLFA profiles between any of the treatments. Instead, we observed decreases in β-glucosidase and
N-acetyl-glucosaminidase activity, and an increase in phenol oxidase activity across all treatments
and controls over time. An increase in the relative abundance of fungi during the experiment meant
that the microbial communities in the Eden Project ferns after six months were comparable with ferns
sampled from primary tropical rain forest in Borneo.
Keywords: canopy; epiphyte; fungi; bacteria; earthworm; nitrogen; PLFAs; enzyme; functioning
1. Introduction
The canopy of tropical rain forests provides a unique habitat for a range of organisms in spite of
characteristic extremes in climate and nutrient availability [1–4]. Suspended soils, the accumulation
of organic matter supporting microorganisms, invertebrates and plants, are important components
of the canopy ecosystem [5]. The inhabitants of canopy soils depend on the tight cycling of limited
resources, facilitated by a decomposer community adapted to the extremes in climate that characterise
canopy habitats [6–8]. In terrestrial soils, microorganisms are known to drive decomposition [9],
yet little is known about the abundance of microorganisms or their role in canopy soils [10–13]. Recent
advances in canopy access have improved our understanding of tropical rain forests but information
on canopy microbial communities is lacking [14,15]. The composition and functioning of soil microbial
communities is known to be influenced by multiple factors, namely nutrient inputs to the soil [16–19];
the activity of the associated invertebrate community, notably earthworms [20–22]; soil temperature,
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humidity and pH [23–26]. Given the unique conditions under which canopy soils form, the relative
importance of these factors is likely to be markedly different from other soils.
Soil fungi and bacteria drive decomposition by producing extracellular enzymes in response
to their nutrient demands [27]. These enzymes convert polymeric compounds contained within
organic matter into smaller molecules that can be taken up by organisms [28]. Hydrolytic enzymes
such as β-glucosidase and N-acetyl-glucosaminidase generally break down labile carbon stored in
cellulose and chitin, whereas oxidative enzymes such as phenol oxidase decompose recalcitrant
lignin [29,30]. Suspended soils are high in organic matter and thus organically-bound nitrogen, but it
is not known whether canopy microorganisms can access this form of nitrogen [31]. However, forest
canopies are also experiencing increasing deposition of inorganic nitrogen from the atmosphere [32].
This inorganic nitrogen has been shown to modify soil microbial activity in certain tropical regions
and contribute significantly to epiphyte nitrogen balances [7,33]. It is thought that the addition of
inorganic nitrogen from the atmosphere stimulates decomposition in suspended soils that are nutrient
limited by providing microorganisms with the resources required to increase extracellular enzyme
production [27]. Another factor known to influence extracellular enzyme production is the presence of
organisms such as earthworms, which increase the availability of nutrients to microbes through soil
mixing or bioturbation [22]. However, the unique nature of suspended soils associated with epiphytes
could mean that these traditional predictors of soil community composition and activity are not as
important as other predictors in the canopy.
The epiphytic bird’s nest fern (Asplenium spp.) [34] depends on its associated canopy soil for
survival. In the context of natural microcosm studies [35], the fern represents an ideal model system
for exploring patterns and processes associated with canopy soil microbial communities. The bird’s
nest fern’s ubiquity, its discrete nature, and its resilience to experimental manipulation have facilitated
initial studies of nutrient cycling between the canopy and the forest floor [36]. Their role as a harbour of
high invertebrate abundance and diversity (including earthworms) [37,38], has been used to elucidate
complex species assembly rules [39–41]. Bird’s nest ferns thus provide an ideal vehicle to assess the
influence of nutrient balances and invertebrate activity on microbially-mediated decomposition in
suspended soils.
This study examines the potential of bird’s nest fern soil to support microbial communities whose
activities are adapted to the canopy environment. We performed an experiment using epiphytic ferns
in the tropical biome of the Eden Project in Cornwall, U.K. [42] to test the relative importance of
traditional predictors of soil microbial community composition and functioning. Using the ferns as
natural microcosms in a model rain forest provided biologically realistic conditions while giving us
more control over the physical environment. This study aims to test the impact of the following on
microbial community structure and functioning: (1) the addition of inorganic nitrogen; (2) the activity
of earthworms; and (3) suspension within the canopy, to simulate the physical conditions (exposure to
the air, regular wetting and drying, throughflow of water) experienced by epiphytic soils. We validated
our results by comparing the microbial communities of the Eden Project ferns in a large greenhouse
environment in the U.K. with bird’s nest ferns collected from primary tropical rain forest in Borneo.
2. Materials and Methods
2.1. Eden Project Experiments
Data collection took place at the Eden Project in Cornwall, U.K. (50◦36’ N, 4◦74’ W). A total of
20 Asplenium ferns were procured from Western Wholesale Plants Nursery in Weston-super-Mare,
U.K. Soil was removed from the plant roots, and was replaced with organic matter mulch made on site
at the Eden Project with a mean pH of 8.4. Mean soil nitrogen concentration in the form of NO3-N
was 36.1 mg kg−1, and in the form of NH4-N was 20.3 mg kg−1. Before the experiment, ferns were
housed in a nursery for a period of four months under mean daily temperatures of 21.8 ± 0.6 ◦C,
with a relative humidity of 88.3 ± 0.16% [43]. These ferns were kept in solid trays meaning that their
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soil was enclosed between each daily watering event. Baseline soil samples were taken from each fern
at this point (n = 20). Approximately 10% of the total soil volume was removed during each sampling
event, with care taken not to disturb the remaining soil body.
Ferns were then transferred from the nursery to the rain forest biome, which experiences controlled
levels of temperature and humidity (daily temperatures 25.6 ± 0.03 ◦C and humidity 93.8 ± 0.05%).
The host trees used for the experiment were Hopea odorata, a common species of rain forest tree from
the same family (Dipterocarpaceae) as our host trees in Borneo. These trees were originally sourced
from Danum Valley, the location of our field site [44].
In order to examine the impact of bioturbation and nutrient inputs in shaping canopy soil
microbial communities, the ferns were experimentally manipulated under a factorial design, whereby:
• 5 ferns were inoculated with 5 individuals of the earthworm Eisenia fetida;
• 5 ferns were dosed with an ammonium nitrate solution, representing 365.7 mg N per kg dry soil;
• 5 ferns received 5 earthworms and ammonium nitrate per fern;
• 5 non-manipulated ferns served as controls.
Ten ferns were suspended in two H. odorata trees using platforms installed 8 m from the ground to
simulate epiphytic conditions. An irrigation system, incorporated into the design of the platforms [42],
delivered 0.5 L of water daily over an interval of five minutes to each of the 20 suspended plants
(Figure 1a). Perforated aquatic plant pots containing the ferns allowed for drainage and air drying of
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Figure 1. Asplenium bird’s nest ferns in (a) the rain forest biome at the Eden Project, Cornwall, U.K.;
(b) Danum Valley, Sabah, Malaysian Borneo.
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Following baseline soil collection, soils were sampled after three months, in September 2015
(n = 20), and after a further three months in December 2015 (n = 20). Of these soil samples,
approximately 500 g was kept at ambient temperature, whilst a sub-sample of 10 g was immediately
frozen and subsequently freeze-dried. Upon collection of the final samples, the ferns were dissected to
confirm the presence of earthworms in all appropriate treatments.
2.2. Collection of Ferns from Danum Valley
The soil associated with 20 bird’s nest ferns was collected from the primary lowland dipterocarp
rain forest of the Danum Valley Conservation Area (DVCA), located within the state of Sabah,
in Malaysian Borneo. The Danum Valley Field Centre (4◦58′ N, 117◦42′ E, altitude ~170 m) experiences
a wet equatorial climate, not strongly seasonal, with a mean rainfall of 2785 mm per year. Daily
temperatures are, on average, 26.7 ◦C, with mean highs of 31.0 ◦C and lows of 22.5 ◦C [44].
Asplenium ferns (Figure 1b) were collected along the existing trail network surrounding the field
centre. One hectare of forest, split across five 2000 m2 sites was surveyed, and all ferns present below
8 m height were recorded. Details of estimated leaf rosette diameter allowed for a rough estimation of
the age of each fern, and height determined their accessibility for sampling. Of those with a diameter
greater than 100 cm, and below 8 m in height, a random subsample of 20 ferns across the five sites was
collected using a combination of ladders and single rope access techniques. Ferns were removed from
their host tree, with care taken to collect as much soil associated with the roots as possible.
The soil associated with each fern was removed and homogenised using a 1 cm mesh sieve.
The soil was put into Ziplock bags before being frozen and transported to the Forest Research Centre
at Sepilok where they were placed into an Alpha 1–4 LSC freeze drier (Christ, Osterode am Harz,
Germany) for 24 h. The resulting freeze-dried samples were stored at −20 ◦C before being transported
back to the U.K. for analysis.
2.3. Hydrolase Enzyme Activity
For detailed information on soil enzyme methodologies, see [46]. The potential enzyme activity
of the experimental fern microbial communities at the Eden Project was tested using fresh soil
samples (n = 60). Following their collection at the Eden Project, soils were put in Ziplock bags
and transported back to the laboratory where they were stored at room temperature for one week,
and were opened regularly to avoid the accumulation of carbon dioxide. Methylumbelliferone (MUF)
substrate solutions were prepared for the enzymes β-glucosidase and N-acetyl-glucosaminidase.
Preliminary data demonstrated that a concentration of 100 µm saturated the enzyme reaction allowing
for an estimate of Vmax, the maximum enzyme capacity of the soil. Each soil solution (1:5 wet soil to
deionised water) was pipetted into a 96 well plate, with three wells for each soil sample. One contained
a soil blank with deionised water, one with the MUF substrate, and one with the MUF standard.
The reaction was left active for one hour before 1 M sodium hydroxide was added to terminate it.
The plate was then transferred to a Fluostar Optima Fluorometer plate reader (BMG Labtech, Ortenberg,
Germany) to record fluorescence. A mean of three sub-samples was calculated for each sample and the
data were converted to give β-glucosidase activity (µmol MUF g−1 hour−1).
2.4. Oxidative Enzyme Activity
Potential phenol oxidase activity was determined by pipetting 0.75 mL of soil solution (1:5 wet
soil to deionised water) into each of two Eppendorfs (Merck KGaA, Darmstadt, Germany). Deionised
water was added to one, whilst a 10 mM solution of L-3,4-dihydroxyphenylalanine (L-DOPA) was
added to the other. These were incubated at room temperature for one hour before being centrifuged.
The supernatant was pipetted onto a clear microplate and transferred to a Fluostar Optima Fluorometer
plate reader (BMG Labtech, Ortenberg, Germany) to measure absorbance at 460 nm. Phenol oxidase
activity was calculated by comparing the L-DOPA solution with that of the blank. A mean of three
sub-samples was calculated for each sample, and the data were then converted to give phenol
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oxidase activity based on the production of 2-carboxy-2,3-dihydroindole-5,6-quinone, referred to
in the equation as diqc (µmol dicq g−1 hour−1).
2.5. Phospholipid Fatty Acid Analysis
For detailed information on the Phospholipid Fatty Acid (PLFA) method, see [46]. The freeze-dried
soils collected from Danum Valley (n = 20) and the Eden Project (n = 60) were analysed for their
phospholipid profiles. Each sample was ground to a fine power, with 500 mg added to 2.8 mL of a
2:0.8 methanol:water solution and homogenised. An amount of 1.35 mL of chloroform was added
and the sample was centrifuged. The supernatant solution was re-extracted with Bligh-Dyer solution
(2:0.8:1 ratio of methanol:water:chloroform) [47]. The organic and aqueous phases were separated
by the addition of water and chloroform before being centrifuged. The bottom (organic) layer was
removed and the aqueous layer was re-extracted with chloroform. The chloroform was then evaporated
under nitrogen gas and the remaining total lipid extract (TLE) was then stored at −20 ◦C.
The TLE was further separated by column chromatography using the method described by [48],
with the neutral fraction and glycolipids separated to leave the phospholipids. The phospholipids
were then derivatised in hydrogen chloride, along with 10 µL of a known C18 alkane (N-octadecane,
99+% Acros Organics, Morris, NJ, USA). The sample was heated at 60 ◦C in a sealed tube, before the
resulting fatty acid methyl esters (FAMEs) were extracted into hexane. This solution was evaporated
at 40 ◦C under nitrogen before the FAMEs were re-dissolved in 30 µL of hexane. An amount of 1 µL
of this solution was then analysed using gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS).
Detailed chromatograms were produced for each sample with the peaks displayed identified
using Xcalibur 3.0 (Thermo Scientific, Waltham, MA, USA). These were identified as either bacterial
or fungal based on the classification of [49] and fungal:bacterial ratios were calculated for each soil
sample. In addition, soils from Danum and the Eden Project were classified using [50], in order to gain
a broad indication of the prevalence of different groups of microorganisms (Table 1).
Table 1. Classification of Phospholipid Fatty Acid (PLFA) peaks as specified by [50].
Microbial Group PLFA Peaks
Gram + bacteria i15:0, a15:0, i16:0, a16:0, i17:0, a17:0




A two-way ANOVA was performed on the Eden Project data, with β-glucosidase activity,
N-acetyl-glucosaminidase, phenol oxidase activity, and soil fungal:bacterial ratio as the response
variables, and treatment and time as the explanatory variables, including their interaction effects
using the R statistical analysis software [51]. The effects of treatment on microbial community
composition were tested through multivariate analysis of the PLFA profiles of each fern, using PRIMER
version 7.0.13 with PERMANOVA+ [52]. Fern soil microbial community composition was characterised
by the relative abundance of PLFAs. The data were square root transformed and Bray–Curtis measures
of similarity were calculated across ferns to determine their similarity. The effects of each treatment,
and the month of sample collection on microbial community composition, were tested using random
permutations of the dataset. A PERMANOVA was used to determine whether these factors exerted
significant effects on community composition. We used a Principal Coordinate Ordination (PCO) to
compare the microbial communities of ferns from the Eden Project with those from Danum Valley.
A cluster analysis based on group average was then used to test for similarity between the three
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sample groups, namely the Eden Project ferns pre- and post-experimental treatment (0 and 6 months,
respectively) and ferns from Danum Valley.
3. Results
3.1. Eden Project Enzyme Activity and Fungal:Bacterial Ratio
For all three enzymes, the treatments did not result in significant differences in their activity
when compared with untreated control ferns after 3 or 6 months. N-acetyl-glucosaminidase and
β-glucosidase activity decreased over time, while phenol oxidase activity increased over time.
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Figure 2. (a) N-acetyl-glucosaminidase activity, (b) β-glucosidase activity, (c) phenol oxidase activity,
(d) fungal:bacterial ratio of bird’s nest ferns at 0, 3, 6 months (Mean s.e., n = 5). Treatments are
indicated in the legend as foll ws: AN = am onium nitrate; s; = control; AN + W =
ammonium nitrate plus worms.
Table 2. Two- ay ANOVA results of time and treatment on enzy e activities and fungal:bacterial
ratios in soil associated with bird’s nest ferns.
N-a-glucosaminidase β-glucosidase Phenol oxidase Fungi:Bacteria







Treatment F3,52 = 0.918p = 0.439






Ti x Tr F3,52 = 0.910 nsp = 0. 43
F3,49 = 0.288 ns
p = 0.834
F3,52 = 0.666 ns
p = 0.57
F3,43 = 0.455 ns
p = 0.722
Fungal:bacterial ratios started to increase after 3 months. Treatment and its interaction with
time had no significant effect across all sampled enzyme assays and fungal: bacterial ratios (Figure 2;
Table 2). Time had a significant effect on PLFA composition (Pseudo-F2,38 = 376.1, p = 0.001), whereas
Forests 2017, 8, 474 7 of 13
neither treatment (Pseudo-F3,38 = 1.304, p = 0.184), nor the interaction (Pseudo-F6,38 = 0.8892, p = 0.697)
were significant.
3.2. Fern Soil Microbial Community Analysis
The soils collected from both the Eden Project ferns and those of Danum Valley contained a
range of PLFAs of varying abundance. Chromatograms were used to identify the microbial groups
present before their relative abundance was calculated (Figure 3). Analysis of PLFAs revealed the
presence of Gram-positive and Gram-negative bacteria, actinomycetes and fungi in addition to further
peaks, unassigned to specific taxa due to their ambiguous composition [50]. The relative abundance
of individual PLFAs varied across collection times at the Eden Project, and also differed from those
collected in Danum Valley (Figure 3). However, although the peaks of individual PLFAs differed,
analysing entire community profiles revealed a pattern of increasing similarity between the ferns from
the Eden Project after 6 months and the ferns from Danum Valley (Figures 4 and 5).
Ferns from the Eden Project at time 0 had a relative abundance of 2% actinomycetes,
23% Gram-negative bacteria, 4% fungi, 24% Gram-positive bacteria, with a further 47% of PLFAs not
specifically assigned (Figure 4a). After 6 months, these same ferns contained a microbial community
consisting of 1.5% actinomycetes, 30% Gram-negative bacteria, 15% fungi, 14% Gram-positive bacteria,
and 39.5% of PLFAs not specifically assigned (Figure 4b). Ferns from Danum Valley had a relative
abundance of 3% actinomycetes, 19% Gram-negative bacteria, 11% fungi, 20% Gram-positive bacteria,
and 47% of PLFAs not assigned to a specific microbial group (Figure 4c).
The Principal Coordinate Ordination revealed three distinct assemblages, composed of the three
fern sample groups (Figure 5). Cluster analysis revealed that the PLFA profiles of ferns collected from
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Figure 3. Relative abundance of fern soil PLFAs from experimental bird’s nest ferns at the Eden Project
prior to suspension and after 6 months under epiphytic conditions, and from natural specimens from
Danum Valley (all means ± s.e., n = 20).
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Figure 4. The microbial community composition of (a) 20 bird’s nest ferns from the Eden Project
prior to experimental manipulation; (b) 20 bird’s nest ferns after 6 months in the rain forest biome;
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Figure 5. The PLFA profile of bird’s nest fern soils collected from the Eden Project prior to placement
in the canopy, after 6 months in the canopy, and from natural fern soils collected in Danum Valley.
Dashed lines enclose points within 80% similarity envelopes.
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4. Discussion
We have shown that soil enzyme activity, used as an indicator of changes in soil microbial
communities under simulated epiphytic conditions, did not respond to the addition of inorganic
nitrogen or earthworm activity. Enzyme activity did, however, shift significantly in both treatments and
in controls during the six-month experiment. Unlike terrestrial soils, the extreme shifts in temperature
and moisture experienced by canopy soils will result in a microbial community adapted to the stresses
of the canopy environment. Our results suggest that these stresses outweigh the effects of traditional
predictors of microbial community dynamics.
Compared with the forest floor, suspended soils associated with epiphytes are nitrogen poor [53],
and are likely to depend upon inorganic nitrogen from the atmosphere [54]. It is possible that the fern
soil microorganisms at the Eden Project were not nitrogen limited, which would explain the lack of a
response to the addition of nitrogen consistent with observations of other tropical soils [55]. It is also
possible that the addition of ammonium nitrate failed to affect the microbial communities because our
irrigation system delivered enough water (0.5 L per day) to flush the nitrogen straight through the fern
soil. This amount of water passing through the fern soil is not unlike the amounts of rainfall observed
in Danum Valley [44] and regular throughfall is a feature of bird’s nest ferns. The passage of water
through Asplenium ferns has been shown to leach nutrients from their soils in tropical rain forests,
with throughfall having higher total conductivity, and significantly more nitrate and potassium [36].
It seems reasonable to assume that the microbial communities of suspended soils must be adapted
to conditions of constant leaching and low levels of nitrogen. The existing microbial communities
associated with these ferns are unlikely to be determined by nutrient limitation alone. Finally, although
an initial increase in microbial activity may have occurred following the addition of nitrogen, it was
not possible to detect the legacy of this increase in microbial activity after three months.
Earthworms have for a long time been known to modify soil structure, increasing the aeration
and pH of soils, conditions known to influence microbial community structure [22]. Earthworms are
also known to colonise canopy soils along with a suite of other invertebrates [37,38], contributing
to the decomposition of organic matter. Our study found no effect of earthworms on soil microbial
community composition or activity. Traditional microcosm studies using an equivalent number of
earthworms for the volume of soil analysed reported changes in soil microbial biomass and nutrient
mineralisation [56,57]. The density of earthworms in the Eden Project ferns was much lower than that
found in bird’s nest ferns in their natural environment [37,38], but if the worms caused significant
changes in microbial community structure we are confident that this would have been apparent. In
tropical rain forests, invertebrate decomposers and other animals play significant roles in modifying
microbial composition and activity. We chose to focus only on earthworms, as these are well known
decomposers, but in our study it seems that other factors outweighed any effect that earthworm
activity may have had on microbial community composition and enzyme activity.
Our results challenge the traditional predictors of microbial community structure—predictors that
were derived from the characteristics of terrestrial soils. This study shows that changes in microbial
community composition in suspended soils are likely the result of the physical conditions under
which epiphytic soils form. Over time, the legacy effect of being stored in relatively cool nursery
conditions disappeared in the face of water loss and daily desiccation caused by the movement of
air around the ferns and their associated soil. The functioning of all fern soils shifted over time,
regardless of treatment. Hydrolytic enzyme activity (N-acetyl-glucosaminidase and β-glucosidase)
decreased, whereas oxidative enzyme activity (phenol oxidase) increased. Changes in the expression
of these extracellular enzymes could be interpreted as a change in the nutrient demands of the
microbial communities. It could also, however, be the result of a shift in the structure of the microbial
community itself.
One of the advantages of PLFA analysis is that, unlike genetic analysis, only the most recent
microbial communities are detected [58]. This makes PLFA profiles useful for the detection of changes
in microbial structure through time. Relative abundance of PLFAs and fungal:bacterial ratios confirmed
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relative increases in the biomass of fungi between three and six months. Further analysis of PLFA
concentrations, rather than just relative abundances, would strengthen the measurement of shifts
in the microbial biomass and related enzyme activity. Analysis of all microorganisms revealed no
significant differences between treatments. However, it was striking to note that a relative increase
in fungi brought the overall microbial composition of the Eden Project ferns after six months in line
with ferns collected from their natural environment at Danum Valley. This increase in fungi is likely
due to their ability to transfer water through networks of hyphae, thus allowing them to survive
regular wetting and drying [59]. In temperate forests, fungi contribute more to decomposition in
the canopy than on the forest floor [60]. In tropical forests, where the physical environment is more
extreme, fungi are likely to be more important. Our study supports this notion, with relative increases
in fungi as ferns were transferred from the cooler nursery conditions to hotter and drier epiphytic
conditions. A range of epiphytes, including members of the genus Asplenium, have been shown to be
physiologically resistant to desiccation [61]. Epiphytic plants are adapted to life in the harsh conditions
of rain forest canopies. Our results suggest that the microbial communities associated with epiphytic
plants may be more sensitive to physical conditions than was previously thought.
5. Conclusions
Contrary to the predictions of traditional soil science, the microorganisms of suspended soils
respond to physical conditions such as exposure to the air, regular wetting and drying, and throughflow
of water. As a result of their ability to resist desiccation, fungi, compared with other groups
of microorganisms, are likely to play major roles in the ecological functioning of tropical rain
forest canopies.
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INTRODUCTION
Reptiles play distinct ecological roles in tropical rainforests. Whilst the ecology of skinks and geckos 
is known for some rainforest species (Vitt et al., 1997; Vitt 
& Zani, 1997; Vitt et al., 2005; Akani et al., 2002; Teixeira 
et al., 2003; Huang, 2011), many species remain relatively 
understudied, particularly those associated with the high 
canopy. Understanding the ecology of these animals is 
becoming increasingly important in the face of climate 
change and habitat disturbance (Huang & Pike, 2011; Wanger 
at al., 2010). 
	 Nest	 site	 availability	 is	 known	 to	 limit	 the	 fitness	 and	
survival of skinks and geckos (Ineich, 2010). In the canopy 
of tropical rainforests, epiphytic habitats are important as 
refuges for reptiles and amphibians (Huang & Pike, 2011; 
Scheffers et al., 2014). This study reveals the importance of 
epiphytic ferns as nest sites in the high canopy of a tropical 
lowland dipterocarp forest. Bird’s nest ferns (Asplenium 
spp) (Yatabe & Murakami, 2003) are abundant at all heights 
throughout the canopy of Old World tropical forests (Fayle 
et al., 2009), and have been shown to support large numbers 
of invertebrates (Ellwood, Jones & Foster, 2002; Ellwood & 
Foster, 2004). The observations reported here are part of a 
larger experiment investigating the colonisation of bird’s nest 
ferns by insects and other arthropods. 
MATERIALS AND METHODS
The observations were made at Danum Valley in Sabah, 
Malaysian Borneo (4°58’N, 117°42’E, altitude ~170 m). 
This 43,800 ha area of undisturbed lowland dipterocarp 
forest experiences a wet equatorial climate, of low seasonal 
variation, with an average rainfall of 231.9 mm per month, 
and 2785.4 mm per year. Daily temperatures are on average 
26.7 °C, with mean highs of 31 °C and lows of 22.5 °C 
(Reynolds et al., 2011). We removed the existing fauna 
from	32	ferns	by	flushing	the	existing	roots	with	water,	and	
collecting invertebrates as they emerged from the soil. Fern 
root soil was then standardised by repacking the roots with 
soil collected from other ferns, bound with a 2 mm nylon 
fishing	net,	resulting	in	a	root	ball	with	a	diameter	of	20	cm.	
Eight of these standardised ferns were placed into each of four 
Parashorea tomentella trees adjacent to the Danum Valley 
Field Centre. The tree crowns chosen for the experiment 
lacked existing epiphytes, or foliage such as lianas, and the 
branches of the upper crowns where ferns were attached 
were between 32-61 m in height (Fig. 1A). 
 We sampled 16 ferns (four ferns from each tree) after six 
ABSTRACT -	Nest	site	availability	limits	the	fitness	and	survival	of	skinks	and	geckos,	particularly	in	the	canopy	of	tall	
tropical rainforests. We document the systematic colonisation and nest use of epiphytic bird’s nest ferns (Asplenium spp) 
by the gecko Hemiphyllodactylus typus and the skink Lipinia cf. vittigera.  As part of a controlled experiment we placed 32 
ferns of similar sizes in the high canopy of a lowland dipterocarp rainforest in Sabah, Malaysian Borneo. Half of these ferns, 
sampled after six months, contained eggs. The remaining ferns, sampled after 12 months, contained both eggs and adults. 
Our results demonstrate the importance of epiphytes in providing a resource for reptile populations in the rainforest canopy.
Figure 1. A. Asplenium bird’s nest fern in the high canopy B. 
Lipinia cf. vittigera C. eggs D. H. typus 
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months and the remaining 16 ferns after 12 months. Ferns 
were removed from the branch and placed immediately into 
large plastic bags. These were transferred directly to the 
laboratory, where they were sampled exhaustively for the 
presence of eggs and adults (Fig. 1B, C, D). Photographs of 
each	adult	were	taken	to	assist	identification	before	releasing	
them (Zug, 2010).  Although the species from which the eggs 
were	derived	could	not	be	confirmed,	it	is	presumed	that	they	




for epiphytic habitats for skinks and geckos to lay eggs in the 
high canopy. After six months, three of the 16 ferns contained 
eggs, but no adults (Table 1). After 12 months, two of the 
16	 ferns	 contained	 eggs,	 and	 five	 of	 the	 ferns	 contained	
adults (Table 1). Following consultation with regional 
experts,	the	adult	geckos	were	identified	as	the	Indo-Pacific	
gecko, Hemiphyllodactylus typus (Bleeker, 1860), and the 
skinks	tentatively	identified	as	the	yellow	striped	tree	skink,	





35 mm) with a widespread distribution across south-east Asia 
and Oceania (Zug, 2010). There is a distinct lack of ecological 
knowledge surrounding this genus, almost certainly linked 
to	its	secretive	nature	and	difficulty	of	observation	(Holden	
et al., 2013). This species was documented colonising 
myrmecophyte ‘ant plants’ in Bako National Park in Sarawak 
(Janzen,	1974),	but	to	our	knowledge	this	is	the	first	account	
of colonisation of Asplenium ferns in the upper canopy of 
a primary rainforest. The yellow striped tree skink is an 
arboreal skink known to occur at Danum Valley (Das & 
Austin, 2007), but until now its presence in the high canopy 
was	unconfirmed.	Based	on	our	observations,	we	suspect	that	
the bird’s nest fern may be just one of a number of epiphytes 
that allow these species to persist in the rainforest canopy of 
Danum Valley and probably elsewhere.
 Nest site availability is thought to be the biggest 
limiting factor for arboreal skink and gecko populations 
(Ineich, 2010). Epiphytes in general have been shown to 
provide nest sites for a range of gecko species including 
Lepidodactylus buleli (Ineich, 2008), Gehyra vorax (Ineich 
,2010), Woodworthia chrysosireticus and Mokopirirakau 
granulatus (Henwood et al., 2014). In the Philippines, 
bird’s nest ferns in particular were shown to provide cool, 
moist microhabitats for Platymantis arboreal frogs within 
the relatively hot and dry canopy (Scheffers et al., 2014). 
Elsewhere, bats have been shown to use bird’s nest ferns 
as a roost (Tan et al., 1999). Our work suggests that bird’s 
nest ferns are as attractive to skinks and geckos as they are 
to other animals, such as annelids, molluscs and arthropods 
(Ellwood et al., 2002; Ellwood and Foster, 2004). 
 Not only do bird’s nest ferns provide a refuge in the 
canopy, they also act as an important food source. Although 
the ferns often contain aggressive, predatory arthropods 
such as centipedes (Scolopendra spp), they also support 
large amounts of invertebrate biomass (Ellwood & Foster, 
2004). In particular, bird’s nest ferns support large colonies 
of social insects such as ants and termites (Ellwood et al., 
2002; Ellwood et al., 2016). The high rate of colonisation of 
those	ferns	observed	in	 this	study	confirms	the	 importance	
of bird’s nest ferns as a valuable resource for arboreal skinks 
and geckos.
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